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Executive Summary 
Batches of film-formers were created via emulsion polymerisation from 
a formulation supplied by Celanese. These film-formers were then 
incorporated into a formulation as supplied by St. Gobain Vetrotex which is 
used in industry to produce a working glass fibre size. 
Initial studies were undertaken to determine the location of the 
constituent species present in the size to produce an image of its structure. 
The film-former formulation was then altered to produce a range of physical 
properties. The performance of sizes produced from these film-formers were 
then investigated in the areas of clarity, film formation, wetting ability and 
strength. Alterations to the size formulation was then undertaken to determine 
whether this produced any effect in the performance of the size over some of 
the same areas of irlVestigation. The conclusions drawn are listed below: 
• The coupling agent species present in the size formulation migrates to the 
glass interface of the size during drying. 
• A minor amount of lubricant migrates to the air interface of the size during 
drying. 
• Migration of species in the size only occurs during drying when the size is 
in its liquid state. 
• The molecular weight and particle size of a film-former is directly related to 
the initiator and first stage monomer concentrations respectively. 
• The molecular weight of a film-former does not alter the size's ability to 
form a continuous film if dried under suitable conditions. 
3 
11 Film-formers with large particle sizes produce inhomogeneous films due to 
incomplete diffusion occurring during film formation. 
o The inhomogeneity of films with larger particle sizes present produces an 
increasingly optically active film with an increased wet-out rate. 
o The molecular weight and particle size of a film-former do not alter the 
corresponding sizes ability to wet a bare glass fibre due to the large 
amount of water present in the size formulation. 
• A size can be redistributed following successive re-wetting and drying 
under certain conditions. 
• The stiffness of a size is directly related to the molecular weight of the 
sizes film-former. 
• An inhomogeneous, discontinuous size will be formed with excessive 
deviation from the size formulation. 
o An excess of coupling agent is present in the standard size formulation. 
4 
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Chapter 1 
Introduction 
8 
1.1 Glass Fibres 
1.1.1 Introduction 
Glass fibres were first introduced at the 1883 world's fair although it 
took more than 50 years for them to become commercially available. In 1939, 
the Owens-Corning Fibreglass Corporation introdu~ed them as a method of 
insulating houses, and a few years later they were used to produce textiles. In 
the late 1940's fine diameter glass fibres, used in filtration systems, were also 
made available commercially. 1 
Nowadays about 1.5 million tons of glass fibres are consumed each 
year to be used as the primary materials for the production of reinforced 
plastics which are then used in a wide variety of applications. 2 
Glass fibres belong to a family of materials known as synthetic vitreous 
fibres (SVF) also known as man-made vitreous fibres (MMVF); other 
members of this family include mineral wool and refractory cement. Glass 
fibres differ from other SVFs due to the presence of high amounts of sodium 
(Na) and potassium (K). As well as this, the melting points of glass fibres are 
much lower than those of other SVFs and, therefore, glass fibres are only 
used in environments which will not exceed 200°C (although some are 
designed to be used in environments in excess of 500°C). 1 
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1.1.2 The Manufacture of Glass 
1.1.2.1 Introduction 
In the production of glass fibres it is essential that the raw glass must 
be of a very high quality, as any imperfections in the glass would result in a 
breakage of the filament. Many different reasons can produce these 
imperfections, including a low melt temperature, the presence of dust particles 
in the glass mixture, and glass inhomogeneity. In the latter case the raw 
materials do not mix together efficiently. This causes sudden changes in the 
melt viscosity which, when drawn into filaments, causes the fibres to snap. 
1.1.2.2 Grades of Glass 
The common structural composition of glass is based around a silicon 
tetraoxide (Si04) tetrahedron with repeating silicon dioxide (Si02) units.3 
However, other metal oxides are also present in the glass which may produce 
a break in the polymer-like bond to produce terminal bonds, see figure 1.1. 
I I 
-Si-O-Si--
1 I 
"MO" 
• 
I + 
-Si-0 M 
I 
+ 
+_ I 
M 0-Si--
1 
Figure 1.1 -The production of metal oxide (MO) induced terminal bonds. 
Depending on the amount and type of metal oxide present in the glass, 
different "grades" of glass can be obtained. These have their own distinct 
properties, allowing them to be used for a variety of different applications. 
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Table 1.1 -Some of the different grades of glass. 
Grade of Glass Descri~tion 
Glass containing aluminium, magnesium and calcium 
A 
oxides. 
Glass containing a greater proportion of boron oxide 
c 
giving good chemical endurance. 
Glass rich in silicon oxide with -10% boron oxide. 
D Provides improved chemical resistance in addition to 
' 
enhanced dielectric properties. 
Glass containing silicon, boron and aluminium oxides 
E 
which provides improved electrical properties. 
Glass contains silicon, calcium and aluminium oxide giving 
ECR 
high chemical resistance, particularly with acids. 
Glass contains silicon, aluminium, calcium and 
magnesium oxides. 
R 
Has good resistance to thermal shock, moisture, ageing, 
corrosion and fatigue as well as its relatively high stiffness. 
Glass contains silicon and aluminium oxides and -10% 
s 
magnesium oxide giving increased glass strength. 
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1.1.3 Production 
Many different techniques exist to produce glass fibres, 4· 5 however 
they are all based around the same system and use the same apparatus with 
modifications to improve control ttilrougt.lout the system 6 , see figure 1.2. 
MOLTEN GLASS 
~ 
NOZZLES 
f--_____ ~ FILAMENTS 
~IZING AGEN'f 
DISTRIBUTION 
Fig1:1re 1.2 - Glass fibre production eql:lipr:nent. 
To produce glass ,fibres, the glass must first be heated to 1'250°C to 
melt it al'ild make it malleable, The molten glass is then passed through a plate 
containing many apertures, which ·is called a bushing? The bushing consists 
of a platinum~palladium alloy block with an array of holes (200-400), to each 
of which is attached a nozzle made from an alloy of gold and platinum. It has 
been observed 8 that different grades of glass require different ratios of gold to 
platil'ilum in the alloy to produce strong glass fibres which do l'ilOf break easily. 
The gold and platinum preser:~t in the alloy will not react with the glass; rather 
the difference in gold content will further reinforce the nozzle at the high 
temperatures to which they are subjected for each different grade of glass. 
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The molten glass will pass through tlile nozzles to produce filaments with a· 
constant diameter of between 5-24 IJm. The diameter of the filaments must be 
constant throughout to produce good quality fibres ar:1d this can be ensured by 
the control of a· variety of procedmes. After the filaments are drawn they are 
cdllected onto a winder and it has been found that the diameter of the fibre 
can be controlled effectively by controlling the speed of the winding. 9 If the 
speed of the winder is increased then the diameter of the filaments decreases 
due to the constant flow rate of the mdlten glass through the bushing. This 
can then be used to maintain a consistent diameter by increasing or 
decreasing _the speed of the winder if the glass flow rate decreases or 
increases respectively. There is also mention of an additional plate fitted just 
above the bushing to control further the flow rate of the molten glass, to 
extend- the control of the fibre diameter. 10 This plate is used as a 
precautionary meast~re to stop the molten glass passing too quickly through 
the bushin£1, producing filaments with variable diameter. To enhance the 
cornsistency of the flow of glass through the bushing: a constant ter:mperature is 
required throu£)hout the entire system. This car:1 be ensured ·using a recently 
developed technique, which employs a ~paced pair of electric melters in the 
fully insulated system to ensl:lre a constant temperature. 11 
Immediately after Ute filaments are drawn from the bushing but before 
they are wound onto the roller they are sprayed with a coating called a "size". 
The size is added to ensure cohesion between the fibres so they can be 
brought together to form a thicker strand and also to protect tt:le fibres from 
abrasion. The concer:1tration of the size on the glass is usually in the region of 
13 
2% by mass and the type of the size used depends on the intended 
application for the glass fibres. 
For glass fibres intended for use in the reinforcement industry the size 
will contain a film-former, binding products, anti""static agents, plasticisers and 
coupling agents. These additives are included to ensure good compatibility 
between the polymer matrix and the fibres producing a composite. For glass 
fibres intended for use in the textile industry the size will also contain 
softening agents, additional bonding agents and lubricants. 12 
When the fibres are being used for reinforcement the roller collects all 
of the sized glass fibres and spools them together on a card roll to form a 
"cake". This results in the formation of a single strand of glass with a thickness 
of 2-3 em. These cakes are then oven dried and used to produce ravings 
which are used in the fields of moulding ar:td filament windings. The other 
product formed from the dried cakeS is chopped strand mat which is used for 
reinforcing plastics. 
If the fibres are to be used in the textile industry, they will be woven 
rather than spooled to strengthen the fibres ar:td the size will be removed 
thermally. 
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1~.1.4 Products & Applications 
There are many different products which can be made from glass fibres 
in the textile, insulation and reinforcement areas.7• 13 
Textile and volumised fibres are characterised by the ammmt of twists 
present in the fibre, the direction of these twists and the diameter:s of the 
filaments. Yarns are either single (one large twist) or plied (two or more 
twisted oppositely) and they ·can be used directly on industrial process 
machinery for weaving, braiding and covering. These fibres can be used to 
produce many l:.lseful compounds such as synthetic resins, bitumen, mica, 
paper and adhesives. The incorporation of support fibres into the glass fibres 
has produced much stronger yarns while remair~ing sufficiently flexible to 
allow it to be used as a textile materia1. 14 Volumised fibres are textile fibres 
which have had their volume increased mechanically; these tend to be mainly 
l:.lsed' to produce decorative fabrics. 
Rovings are produced either directly from the bushing by the drawing 
of filamer~ts (direct roving) or by assemblimg several strands in parallel with no 
twists (assembled roving). The cbaracteristics of a rovir~g depend on the 
conditions with which it will be used, i.e. equal tension of fibres (weaving), 
contir~uous impregnation (lubricity) or ease of cutting (choppability).15 
A spun roving has extra transverse strength which occurs from the 
presence of extra loops perpendicular to the main direction of the roving. Pre-
preg roving is also a strong roving since it has been impregnated with epoxy 
resin and is used in filament winding because of its good mechanical 
performance. 
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The ptioblem of impregnating tt;te fibres into a plastic is significant as 
the two componelilts are often incompatible. Olile method of overcoming this, 
proposed by Gaymans et al. ·16 employs direct ravings and polypropylerae as 
the matrix. The ravings are etched using a sharp pin to create a site into 
which the polymer can diffuse, causing impregnation. It was also established 
that the lilumber of pins used to prod~ce the etchings on the glass fibres is 
, 
directly proportional to tlile strengtlil of the plastic. Mor:e pins produce more 
etching, which will lead to greater impregnation of polymer ·increasing the 
overall. ·tough ness. 
Chopped strands are. fibres which 'have been cut to lengths of 3-12 mm 
and are gelilerally used as reinforcers for plastics, plaster, cement and paper 
due to their characteristic properties of integrity, flowability and compatibility. 
Chopped strand mats are chopped strands which have been br:ot:Jght together 
by a binder which is solt:Jble in a monomer (s~ch as styrene). 13 
Continuous filament mats are felts of continuous filaments distributed in 
uniform layers as they leave ttae bl!lshing and are held togetliler by a binder 
(the type and content of the binder is dependemt on .the application of the 
mat). They are l!lsed in. mol!llding applications and in the production of 
continuous profiles such as circuit :boards. 13 
Milled fibres are fibres wtlich have been cut very finely to lengths of 
around 0.1 mm and are main'ly used for reinforcing thermoplastic r:esins and 
polyurethanes. 13 
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1.1.5 Physical Properties 
Glass fibres have many properties which are best exemplified when 
they are part of a composite material where they act as the reinforcer.7 The 
most important properties are listed below. 
Mechanical strength 
Glass fibres have a greater specific resistance (tensile strength/volumetric 
mass) than that of steel. This makes them highly useful as reinforcing agents 
for plastics. u, 18 
Electrical Characteristics 
Glass fibres are an excellent electrical insulator even at low thicknesses. 
This has been exemplified by applications where glass fibre products .have 
been used as both electrical and thermal insulators.19-23 
Incombustibility 
As a mineral material, glass fibres are incombustible and will not support 
or propagate a flame as well as not emit smoke or toxins when they are 
exposed to heat. 24• 25 
Dimensional stability 
Glass fibres are insensitive to variations in humidity and temperature and 
also have a low coefficient of linear expansion. 
Compatibility with organic compounds 
Many differer:~t sizes can be attached to the glass surface as well as other 
mineral compounds (cement and plaster). There are also examples where 
rare earth elements have been introduced into glass fibres to produce 
17 
products with improved optical characteristics for the telecommunications 
industry. 26-28 
Non-rotting 
Glass fibres do not deteriorate or rot. This makes them useful in long term 
applications where it is not possible to replace parts easily.29 
Low thermal conductivity 
This is a useful property ih the building industry as glass fibre composites 
of cement and plaster eliminate thermal bridging, preventing heat flow. 30· 31 
Dielectric permeability 
This is essential in applications such as electromagnetic windows.32 
High resistance to chemical agents 
When combined with appropriate resins, composites with this 
characteristic can be made from glass fibre. 33•34 
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1.2 Glass Fibre Size 
1.2.1 Introduction 
Bar:e glass fibres do not remain bare for longer than a second when 
exposed to the atmosphere. Water is absorbed into the glass which causes 
the strength of the glass fibre to reduce by a factor of five, and the loss of 
strength further increases with longer exposme. To prevent this loss of 
strength the glass fibres are coated with a size to stop the atmospheric water 
from absorbing into the glass. As well as protecting the surface of the glass 
the size also aids the handling of the product. In order for a size to be 
successful, it must allow a bundle of filaments to be converted into a thicker 
strand. Furthermore the strands must be able to have good choppability, that 
is they must be able to be chopped cleanly producing shorter lengths of the 
strand without fraying. of the fibres. It must also be r:esistant to abrasion, 
remain free from static electricity and remain intact as a single strand 
throughout. Finally the size must have a fast wet-out rate; this is the rate at 
which the size is removed from the strand reproducing the original glass fibre 
structure. 
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1.2.2 Compounds Present in the Size 
1.2.2.1 Coupling Agents 
A coupling agent, also known as a keying agent, is present to bind the 
glass fibres to tlile remainder of the size to produce a composite material. 
Coupling agents are a family of chemicals, characterised by their organa-
silicon nature, which possess dual or multiple functionalities. It is known that 
each silicon atom has one or more functional groups which will react with the 
glass surface resulting in the removal of ethoxide (OEt) groups and the 
formation of oxide linkages to the glass surface and the production of ethanol. 
This proposal has yet to be proved beyond doubt and has been termed the 
chemical bond theory of coupling agents.13 In most cases a further functional 
group on the silicon will be selected to allow it to co-react with the polymer 
creating a chemical bridge. To ensure this incorporation occurs the functional· 
group on the coupling agent mu~ have an affinity with the polymer thus 
making the chemical bridge sufficiently strong. A proposed scheme for the 
reaction between the glass and coupling agent is given below, figure 1.3. 
Coupling 
Agent 
Glass 
Surface 
I' 9i,oEt 
EtO OEt 
OH OH 
I I 
-Si-Si-
\ I 
0 0 
. 'si 
/ " 
I' Ji""-. OEt 
0 0 + 2 EtOH 
I I 
-Si-Si.-
\ I 
0 0 
;s~ 
Figure 1.3- Diagrammatic representation ofthe chemical bond theory of coupling agents. 
Investigations of the validity of the chemical bond theory of coupling 
agents have been made previously. 35 Recently attempts have been made to 
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produce a universal coupling agent which will work equally well for all types of 
polymers. Unfortunately it has since beern deemed that such coupling agents 
are counter-productive as any negative aspects (cost, complex chemistry and 
lack of market demand) far ·outweigh the benefits which they would provide. 
Instead a mixture of two or more different coupling agents are now used to 
promote the best possible adhesion between a polymer mixture and the glass 
surface. 
Sjogren et al. 36 investigated whether the presence of a coupling agent 
in a glass fibre size affected the amount of transverse cracking found in a 
composite material made from these fibres. Poly(vinyl ester) I glass fibre 
composites incorporating two different sizes, one containing a strong silane-
based coupling agent (CA) and the other containing a weak coupling agent 
based on polyvinyl alcohol (NoCA) were used for this study. Single fibre 
composite tests were used to study the strength of the two composites. From 
these tests it was found that the NoCA sized composite produced the .first 
crack at a much weaker strain than the CA sized composite. Furthermore it 
was found that good wetting was a general prerequisite for good interfacial 
. adhesion between the glass fibres and the polyr:ner. 37 The explanation 
provided for these results is that the coupling agent produces a region of good 
ductility and adhesion between the interfaces giving a stronger composite. 
Some typical coupling agents which are widely used are shown below. 
3-Aminopropyltriethoxysilane (Union Carbide A-11 00) and N-(2-Aminoethyl)-
3-aminopropyltrimethoxy-silane (Union Carbide A-1120) are very popular 
coupling agents due to the wide variety of polymers with which they can 
couple to glass (epoxies, polyurethanes, polyvinyls, acrylics, nylons, 
21 
phenolics). However some coupling agents will only couple specifically to one 
type of polymer, for example vinyltriethoxysilane (polyesters) (Union Carbide 
A-151) and tris(2-methoxyethoxy)vinylsilar:~e (polyolefins and polyesters) 
(Union Carbide A-172 & Dow Corning Z-6082). 
3-aminopropyltriethoxysilane N-(2-aminoethyl)-3-aminopropyltrimethoxysilane 
Tris(2-methoxyethoxy)vinylsilane Vinyltriethoxysilane 
Figure 1.4- Structures of selected glass fibre size coupling agents 
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1.2.2.2 Film-Former 
The role of the film-former is to bind the fibres together as a strand to 
give specific handling characteristics and to protect the fibres and strand from 
damage. The majority of fibre sizes employ poly(vinyl acetate) (PVAc) as the 
film-former due to its low cost and the wide range of values of its properties 
which allows the production of many different materials with different uses 
(hard/soft strands, slow/medium/fast wet-out rates) . There are other film-
formers based on different polymers (polyesters and polyurethanes) and 
epoxy resins, which are used in certain circumstances where PVAc is 
unsuitable. 38-40 
It is widely accepted that the majority of film-formers will not produce a 
continuous film no matter how much is deposited onto the fibres or what 
temperature is used. Scanning electron microscopy (SEM) indicated that the 
film-former is deposited on the fibres as globules on the surface and in 
between the fibres, forming bridges that bind the fibres together, figure 1.5. 
Figure 1.5- SEM photomicrographs of sized glass fibres. 
Left: size is based on anhydride silane; right: size is based on epoxy silane.41 
(images taken direct from Paul DR et al. , Polymer 2002, 43, 4673) 
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Tt.le PVAcs whicta are used as size components are formed l!lsing 
emt.~lsion polymerisatior:l, which results in the additior:1 of further compounds to 
the size due to the requirement to stabilise the emulsion. These extra 
compounds therefOiie atfect the physical properties of the glass fibr;es and any 
products made fr:om the glass ~ibres. For example poly~vinyl alcohol) (PVA} is 
used as a stabiliser during emulsion polymerisation, but it will slow ttile wet-out 
r:ate .of the size in the final matrix.42 
In the productiol'il of glass fibres there is an enormol!ls waste of size 
(about 70%) which occurs due to the excess being, ejected from the fibres and 
lost during the sizing process. Attempts col!lld be made to recover this :by 
channelling the waste size into a vat and ther:1 delivering this back into tlile size 
storage medium. However it must be noted that the size has a limited life-time 
as some of the species presemt in it will degrade, so it must be re-distribLJted 
om, the fibres qLJickly after; it has beel'il,Jecollected. 
In addition to PVAc many other types of film-former are being .produced 
to increase the speed of the process and also to produce stronger 
composites. Generally the new film-formers which have been produced tilave 
resulted in improved compatibility and reduced wet-out times in polyester and 
epoxide resims, allowimg ~them to be used in more dernar:1ding applicatioras 
such as pressure vessels 43 and pipes. 44• 45 
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1.2.2.3 Plasticisers 
These are added to emulsions to increase the flexibility and 
thermoplasticity of the dried film. The physical properties can be varied by 
changing the concentration and type of plasticiser present. It is generally 
fourtd that the choppability of the glass fibre strands improves as the 
concentration of plasticiser decreases. The two main types of plasticizers are 
given below. 
Fugitive 
These are mainly organic solvents (or water) that are used to promote 
film integration. They are lost by evaporation and as such are only temporary. 
Permanent 
These are characterised by their low volatility, low water solubility and 
high solubility in the film-former. The most common plasticisers of this type 
are dibutyl phthalate and poly(ethylene glycol) at various molecular weights 
(Carbowax 300/1 000). These are shown below in figUiie 1.6. 
The plasticiser content in PVAc latexes is between 0-20 wt % of the 
PVAc solid content. 
0 
0 
0~ 
0~ 
Dibutyl phthalate 
~O~OH 
Poly(ethylene glycol) 
Figure 1.6 - Structures of selected permanent glass fibre size plasticisers 
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1.2.2.4 Lubricants 
Because glass surfaces are negatively charged, most lubricants tend to 
be positively charged cationic surface active agents, such as alkyltrimethyl 
ammonium chloride (Arquad 850). Another class of lubricant which is used 
widely in the glass fibre size industry consists of tetraethylenepentamine 
derivatives (Cirrasol 220). These lubricants are used ·in quantities between 
0.2-2 wt% of the glass fibre size and they can be used in both cationic and 
anionic PVAc sizes. 
R 
+ 
N !\:-
Alkyltrirnethylammonium chloride 
H H 
H2N~N~N~N~NH2 H 
T etraethylenepentamine 
Cl 
Fig~:~re 1.7- Structures of selected glass fibre size lubricants 
1.2.2.5 Anti-Static Agents 
Glass fibres are generally made from E-glass, so a build up of static 
electricity can form on the glass surface. The static electricity is cal!Jsed by 
friction and it may be conducted along the surface of the glass if it is 
sufficiently moist. Increasing the hl!lmidity of the surroundings (70-75%) to 
carry the electric charge away from the glass can solve this problem; however 
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this is not always a feasible option. Sometimes a clilemical can be added to 
create an electrical path on the glass fibre; however it must not change the 
overall physical properties of the fibre. These chemicals must be able to form 
ions, which will create the electric path and also absorb water to allow this 
ionisation to take place. Some examples of such chemicals are LiCI, NH4CI, 
MgCI2 and alkyltrimethylammonium chlonide which is also used as a lubricant. 
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1.2.3 Formulations of the Size 
There is no limit to the variations of the size that can be developed 46-54 
although the proportions of the composition do have to be within certain limits. 
Table 1.2 - General formulation of a size 
Com~ound Content in the size {wt %} 
Coupling Agent 0.3-0.6 
Film-Former & Plasticiser 3.5- t5 
Lubricants 0.1-0.3 
Anti-Static Agents 0-0.3 
Water 85-95 
1.2.3.1 Selection of Coupl!ng Agent 
This is the first material to select becal:Jse the choice of coupling agent 
is enti~ely dependent on the polymer being used in the film-former and the 
desired physical properties of the final composite. By using a mixture of 
coupling agents it is possible to .produce a size which will perform better than 
just using a single coupling agent. This is especially useful for systems where 
the film-former consists of a co-polymer; a single coupling agent may only 
bind with one of the polyrner units so a second would be added to bind with 
the other. As coupling of the size to the glass is restricted to the glass surface, 
it is found that only a small percentage of coupling agent is required within the 
size formulation (-0.5%). 
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Paul et al. 41 have proposed that tne tensile modulus of a composite is 
relatively independent of the coupling agent present in the size. By studying 
composites of glass fibres and nylon-6 it was proposed that a weak interface 
between the two might prodtJce a tougher composite material, although it was 
also stated that any increase in toughr:~ess would then be offset by a loss in 
the composite yield strength. The type of size. used on the glass fibres taad an 
effect on the weak axial properties where the most strongly bound interface 
would produce the highest yield strength but conversely the lowest toughness. 
It was found, using many different coupling agents, that the lowest yield 
strength came from the least polar coupling agent and the highest yield 
strength came from the most polar coupling agent. 
1.2.3.2 Selection of Film-Former 
The selection of a film-former is a more complex decision because of a 
number of reasons. One such reascm is the compatibility between it and with 
the coupling agent previously selected. The stability of tne size must also be 
considered both before and after it has been applied to the fibres. The 
handling properties of the strand after drying are also important as tme strand 
mt:~st be relatively stiff so as not to produce breakages in the fibres while also 
ensuring cohesion thro~:~ghout the strand preventing fraying of the individual 
fibres. The final product properties required must also be taken into accot:~nt 
as the film-former is the major constituent of the size. 
Due to the challenge of trying to select a film-former which will comply 
with all of tl:le points above, it would be expected that the. choice of film-former 
would be extremely difficult. However manufacturers aid the consumer by . 
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supplying guidance when issuing their products. The type of film-former used 
can almost always be preclicted by taking into account which polymer the 
glass fibres are intended to strengthen and the application of the final glass 
fibre products. Once the best film...,fol7mer is selected some minor adjustments 
to the remaining additives need to be made to tailor the size for the intended 
application. 
Since new materials appear on the mar:ket regularly, simple tests have 
been devised to determine the basic properties of the glass fibres. One of 
these tests is the rate of wet-out of. film-former in the size. This involves 
determining the amount of time required for the size to be dissolved from the 
glass fibres; thus indicating the rate at which the strar:1d will separate back into 
individual fibres. This method also indicates whether a particular plasticiser 
would· be feasible as part of the size. However, it does not determine the 
quantity of film-former required for a specific amount of bindir~g. To cletermine 
this, the wet-out test is repeated using different samples of sized glass fibres 
from different cakes. The quantity of the film-former incorporated into the size 
will depend on the end use of the glass fibre product and this can vary widely 
within these product types. This will depend on the molecular weight of the 
film.:.forming polymer and the amount of adhesion between the filaments or 
betweelil the strands of the cake. 
The properties ,of the film-former can be modified by changing the type 
and quantity of other additives present such as the plasticizer, coupling 
agents, lubricants, etc. For a wide range of fibre sizes a general picture is 
present which is dependent on the application of the fibres. 
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Sizes for chopped strands contain 4...,8% film-former, 0.2-0.4% silane 
coupling agent and 0·.05-0.08% lubricant, surfactants and anti-static agents. 
Strands which are sold as ravings for use in the compounding of 
thermoplastics are characterised by their high strar.~d integrity and good 
wetting but also a slow dissolution into the thermoplastic resin. The size 
usually contains 5-12.5% film-former and 0.25-0.5% silane coupling agent. 
Strands used for dough moulding compounds generally have a high strand 
integrity and medium to slow wet-out rates. This is necessary to prevent 
excessive filamentisation during malilufacture and to permit unhindered flow of 
the compound. Fibres which are chopped wet directly after formation and are 
used for roofing mat do not include a film-former. The size merely consists of 
surfactants, lubricants and emulsifiers in aqueous solution. Strands that are 
used in continuous lengths contain a higher size content than those for 
chopping and also have a film-former content of 4-13% while containing 0.8-
1.2% by weight of size in the strand. 
1.2.3.3 Selection of Lubricant ) 
Lubr.icants are added to give lubricity to the· strand, which reduces the 
amount of filament breakages. Generally -0.2% of lubricant is sufficient to 
prevent any breakages occurring although; conversely; if too much lubricant is 
used thera excessive filamentisation will occur as well as a reduction in the 
wet-out rate. Because of this it is better if the amount of lubricant added is 
kept to a minimum. 
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1.3 Polymers 
1.3.1 Introduction 
Ever sir.~ce the early twentieth century, polymers have been widely 
accepted in the scientific community. 55 Before then only relatively small 
molecules were believed to exist as chemical entities ar.~d scientists were not 
keen to accept a long chain structure such as that in figure 1.8. An alternative 
suggestion, whereby small ring-like structures of low molecular weight would 
aggregate to produce a large macromolecular structure, was proposed to 
explain the behaviour of substances such as natural rubber. However, over 
time the scientific community as a whole started to accept the long linear 
chain theory. 
Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph 
Ph I ~ 
Figure 1.8- Ct:lair:~ of Poly(styrene) 
These long linear chains are actually made up of a single repeating unit 
called a monomer. These are known as ·the building blocks of polymers, which 
bind together via covalent bonds. Sometimes, as is the case for condensation 
polyrnerisation, these units are more appr:opriately called monomer residues 
because the covalent bond causes some atoms to be lost from the monomer 
unit. These monomer units can have many different types of functionality 
which allows the formation of many polymers with differing physical properties 
and uses. 
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1.3.2 'Polymer Physical Properties 
1.3.2.1 Molecular weight 
The molecular weight of a polymer exists as a distributior:l of weights 
rather than one single weight. This occurs because not all of the polymer 
chains grow at the same rate during polymerisation. A typical molar mass 
distribution is shown below in figl!lre 1.9. 
Mn 
Figure 1.9- Typical distrib~;~tion of molar masses for a polymer 55 
The distribution is best described by a variety of different averages, the 
number average molecular weight, Mn (equation 1.1), and the weight average 
molecular weight, Mw (equation 1.2), being the two most common. 
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Where: Ni = number of molecules of cbain length i ilil the polymer sample ar:~d 
M = molecular mass of molecules of chain length i in the polymer sample. 
The breadth of the molar mass distribution is knowr:~ as the 
polydispersity; a value correspondililg to the polydispersity can be calculated 
from the ratio of the two average molar masses shown in equation 1.3. 
Polydispersity = Mw 
Mn 
1.3 
For the narrowest distribution (a sir:~gle peak) all of the polymer chains 
will have a uniform molecular weight and a polydispersity of exactly 1 due to 
Mw and Mn being the same; as the distribution increases so too will the 
polydispersity. Ideal polymerisation reactions tend to give quantifiable 
polydispersity values defined by the ideal nature. It is understood that an ideal 
step-growtlil polymerisation reaction will produce polymer chains with a 
polydispersity of exactly 2 ar:~d that an ideal living polymerisation will produce 
polymer chains with a polydispersity of exactly 1. Because emulsion 
polymerisation takes place in separated reaction sites due to 
compartmentalisation, then a wide range of molecular weight polymer~ will be 
produced. This causes the polydispersity of polymers made via this method to 
be larger generally with polydispersity values greater than 2. 
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1.3.2.2 Glass Ta:ansition Temperature 
An amorphous polymer can exhibit five distinct states of mechanical 
behaviour which differ with temperature. 55 These can be displayed on a plot 
of elastic modulus against temperature (figure 1.1 0). 
A 
Tern erature 
Figure 1.10 - Plot of elastic modulus agaililst temperature for a polymer. 
A-8 lhis is the glassy state; here we find that tbe molecular motion of the 
polymer is frozen. 
8-C This is the retarded highly elastic state and it is here that the glass 
transition region occurs. This is a region where molecular motion is 
allowed but is rather slow and gives rise to leathery properties existing 
in the polymer. 
C-D This is the rubbery state where molecular motion is fully allowed but in 
a strained fashion. A reduction of force on the polymer at any point will 
cause the molecular motion to return to that of point C. 
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D-E This is called the rubbery flow region and it is where the effects of the 
applied force on the polymer will cause it not to return to its original 
orientation due to deformation. 
E-F This is the viscous state where no elastic recovery in the polymer will 
occur al'ild it will instead assume the characteristics of a viscous liquid. 
All of these states are dependent on temperature; as heating causes 
motion in the chain to increase, cooling will produce a reduction. However this 
only occurs befme point D because anything after this point has been 
deformed and, therefore, willlilot return to a previous state upon cooling. 
The most important thermal property of a polymer is the glass transition 
temperature, T 9. It is at this point when a polymer's physical attributes, such 
as ~its hardness and elasticity, can alter dramatically. In molecular terms T9 is 
the point where a polymer will start to experience motion about ,the chain and 
below this point there is no motion. The glass transition is not only restricted 
to linear polymers, any substance which can be cooled below its melt 
temperature by a suffiCient amount without crystallisation occurring will form a 
glass. 56 
The value of T 9 largely depends on the amount of thermal energy 
required to keep the polymer chains moving; factors that affect the rotation 
along the chain links will also affect T 9. 55 The main variation between values 
of T9 arise from the polymers number average molecular weight, Mn. This 
relationship between Mn and T9 has been studied to .produce equatior.t 1.4 
which was then simplified to equation 1.5: 
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where: Mn =number average molecular weight, T9oo = T9 at infinite molecular 
weight, p =density of the polymer, NA =Avogadro's number, 8 =free volume 
per chain end, a. = ,free volume expansion coefficient, the integer 2 = number 
of chain er:~ds and where K is a constant. 
Other factors which influence the T 9 are described below. 
Chain flexibility 
The flexibility of the chair:~ .is an important factor which influences the 
T 9. A polymer which is of sufficient flexibility will produce rotations about the 
chain backbone and will give a lower value for the T 9 , whereas a rigid polymer 
chain will give a higher value for the T 9. A linear polymer with groups 
embedded ir:~ it that impede rotation about the chain will also cause an 
increase in the T9. 
Steric effects 
If large, bulky pendant groups are present on the polymer chain 
rotation of the polymer is hindered which causes the value of T9 to increase. 
We can make this effect even greater by increasing the size of the side group 
as the bulkiness is directly linked to the T9 value. Polar groups are also 
thought to produce a higher value of T 9 due to an increase in lateral forces 
occurring because of the polarity. 
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Configurational effects 
Cis-trans isomerism and tacticity variations in certain a-methyl 
systems will produce a shift in the T9. 
Cross/inking 
When crosslinks are introduced into a polymer the density increases 
proportionally, this restricts the molecular motion in the polymer and the T9 
increases. 
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1.3.3 Free Radlical Polymerisation 
1.3.3.1 Mechanism of polymerisation 
Long. chain polymers can be produced from bi-functional units such as 
carbon-carbon double bonds due to the special reactivity of the rr-bonds. 
These can undergo realirangements if activated by free radical species and 
can react with further single monomer units propagating a chain. The 
propagatien will only be stopped if the active site of growth is stopped by a 
further reaction with another free radical species. This whole reaction scheme, 
known as a chaim growth polymerisation, can be split up into three distinct 
stages. The first stage is initiation where the active site is formed to begin 
chain growtta. The second stage is propagation where the chain grows one 
unit at a time due to repeated reactions with further monomer units. The third 
stage . is termination where the growth of the chain is brought to a halt by 
neutralisation with another free radical species. 
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Initiation 2R 
R + 0ococH 3 
Propogation 
+ 
:rennination 
(by recombination) 
R-C-CHOCOCH + CH30COCH-C-R H2 3 H2 
Tennlnation 
(by disproportionation) 
R-C-CHOCOCH3 + H2 
H 
I 
R-C-CHOCOCH H 3 
Scheme 1.11 - Mechanism of free radical polymerisatioA of viAyl acetate 
1.3.3.2 Methods of free radical initiation 
An effective initiator is a molecule which will produce relatively stable 
radicals, upon exposure to ~heat, radiation or a cher:nical which induces a 
reaction, with a greater reactivity than the resulting monomer radical. There 
are many different types of initiation reactions which can be used to proc::luce 
free radicals to start the polymerisation reaction. 55 
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Thermal decomposition 
Weak bonds pr:esent in peroxide or azo compounds can decompose 
when exposed to heat, to produce radicals. Benzoyl peroxide when heated 
prodt~ces two phenyl radicals with the loss of C02 . 
~~OOLJ\ "==~\-, o-o~ ~-- 2~0 \J---\ o· 
Scheme 1.12 - Thermal decomposition of benzoyl peroxide 
Photolysis 
Metal iodides, metal alkyls and azo compounds are decomposed by 
radiation with a specific wavelength. Azobisisobutyronitrile (AIBN) 
decomposes in UV radiation. 
hv 
Scheme 1.13- Photolysis of AIBN 
Redox reactions 
A variable oxidation state transition metal ion and hydrogen peroxide 
react together to produce hydroxyl radicals. Iron is often used as the transition 
metal. 
H 0 + Fe2+ 2 2 --•- Fe3+ + OH + OH" 
Scheme 1.14- Redox reaction of ferrous ion and ·hydrogen peroxide 
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Persulfates 
These are mostly LJsed in emulsion polymerisation where 
decomposition occurs in the aqueous phase. The radical will diffuse into the 
micelles Which contain monomer and polymerisation ensues. 
-
2 so;· I 
Scheme 1. 15 - Persulfate decomposition 
Ionising radiation 
Alpha, beta and gamma radiation or X-rays can be used to initiate a 
polymerisation. They cause ejection of an electron from a molecule wlilich is 
followed by dissociation and electron capture to produce a radical. 
Ejection: c 
Dissociation: 
e capture: + Q + e 
Scheme 1.16-. Radical production by ionising radiation 
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Not all. radicals generated go on to cause chain initiation to start the 
polymerisation reaction. Side reactions can occur which reduce the efficiency 
of the initiator as shown below. 55 
Primary Recombination 
This occurs if the movement of radical fragments in solution is redl:Jced; 
this produces a cage-effect aliOund the fragments. 
[ 
CN CN ]. 
, ~·IIIIHII~ + N, 
Favoured Less I 
~N'lN'Y 
CN 
Recombination 
\ a::.More 
\avoured 
Dissociation 
Scheme 1.17 - Primary recombination of initiator 55 
Induced Decomposition 
This occurs when a radical reacts with the initiator before 
decomposition has occurred. It results in only one radical being formed 
instead of three. 
!0-()-0 + 0· ~ ~:-o + (>--{:., 
Scheme 1.18 - Induced decomposition of initiator 55 
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1.3.4 Emulsion Polymerisation 
1.3.4.1 Introduction 
The process of emulsion polymerisation has been widely used as a 
method of production of synthetic latexes since the 1930's. Man¥ of the major 
developments in emulsion polymerisatioA have occurred as a result of 
collaboration between government, industry and academics dur.ing the 
Second World War. These efforts resulted in the first viable processes for 
large scale manufacture of latex products, such as rubber, which were in large 
demand atthe time. 57 
During the 1950's these methods of producing latexes were continued 
to produce many different products with their own uses such as latex paints, 
adhesives, sealants, .paper coatings and t.ligh-impact polymers. Latexes are 
now also produced for more speciality applications such as, diagAostic tests, 
biological cell labelling, size calibration standards, drug delivery systems and 
chromatography separations. 
1.3.4.2 Process Techniques 
The emulsiom polymerisation process is a free-radical initiated 
polymerisation which occurs in a heterogeneous dispersion prodi!Jcing latex 
polymer products.'58 
There are many different types of emulsion polymerisation possible, 
the type depends on the type of dispersion, particle size, surfactant present, 
the method of polymerisation and the monomer feed regime. 
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On discussing the type of dispersion, usually an oil-in-water system is 
referred to where the oil is generally monomer with a molecular weight in the 
region of 60-200 Daltons. Some examples of the monomers typically used in 
such systems are styrene, butadiene, vinyl chloride and vinyl acetate. 
Copolymerisation of two or more of these monomers can be undertaken to 
produce polymers with an even wider variety of properties. 
The feed regime mentioned is the method of addition of the ingredients 
during the polymerisation reaction. Batch polymerisation is the addition of all 
of the ingredients at the beginning of the process, semi-batch polymerisation 
is where one (or more) of the ingredients is added continuously dming the 
process and continuous is where all of the ingredients are added during the 
process. 
The main contents of an emulsion polymerisation are, the monomer, 
dispersion medium, emulsifying agent, protective colloids, buffers and an 
initiator. 
The dispersion medium used is generally water because it maiAtains a 
low viscosity and provides good heat transfer. It also isolates the 
polymerisation loci meaning that many different polymerisation reactioAs can 
occur at the same time- this is often termed compartmentalisation. 
The emulsifying agent performs the dual role of providing a site for 
nucleation and providing colloidal stability to the growing particles. Generally 
anionic surfactants are used in emulsion polymerisations although cationic 
and non-ionic surfactants can also be used in special circumstances. 
Water soluble colloids are added to the system to provide stability for 
the suspended polymer particles. These colloids are either non-ionic or 
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anionic in character. Poly(vinyl alcohol) is a typical example of a popular 
colloid used in such systems. A buffer is added to control the pH of the 
system. 
The initiator, which results in the formation of free radicals, ideally must 
be water soluble and function at temperatures less than 100°C.59 The initiator 
that is mainly used is a persulfate salt, although peroxides are also used. 
Emulsion polymerisation is a very useful method of makirilg polymers 
for manufacturers because r:to solvent is requirecl meaning the reaction is 
environmentally frierildly. A high extent of monomer conversion is achieved 
which again is environmentally friendly while reducing the cost. The water 
present will act as a heat sink to remove any of the excess heat meaning that 
the reaction is carried out in a contr:olled manner and high molecular weights 
can be readily achieved. 
1.3.4.3 Method of Polymerisation 
The method of emulsioril polymerisation can be described best as a 
series of steps as shown below. 57 
Addition of emulsifier to the water 
When the emulsifier is added micelles will form beyond the critical 
micelle concentration (erne) point. Below the erne no micelles exist but above 
this point the number of micelles increases with an increasir:tg surfactant 
concentration. 
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Addition of a water insoluble monomer 
Monomer is added to the emulsified water which is then distributed 
throughout the system. A small amount of the monomer dissolves in the water 
and in the micelles but the majority is dispersed as small monomer droplets 
throtJghout the aql!Jeous phase. This occurs due to some emulsifier stabilising 
the monomer droplets by absorbing to the droplet surface keeping the particle 
intact. 
Addition of initiator 
Radicals ·formed from the decomposition of the initiator react with the 
monomer dissolved in the aqueous phase eventually to form a surface active 
oligomeric monomer radical. The polymerisation will continue in the water for 
several steps before the oligomer becomes too hydrophobic to remain in the 
aqueous phase and it enters the micelles. Polymerisation occurs in the 
micelles because these are more likely to capture a free radical than the 
monomer droplets due to their much larger surface area. The polymer clilain 
tben grows in tl:le micelles. by the diffusion of more monomer ur:~its from tlile 
droplets. 
Micelle stabilisation by emulsifier absorption 
Stabilisation of the micelles occur at the water-polymer interface by 
absorption of emulsifier from uninitiated micelles. As only a small quantity of 
the micelles will produce polymer particles the remainder begin to disintegrate 
at a 10-20% conversion. The emulsifier from these micelles dissolves into the 
aqueous phase and the monomer is released to continue propagation. The 
monomer droplets disappear at roughly 60-80% conversion meaning the 
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polymerisation continues after this point using monomer from the two 
remaining sources. The polymer will only stop growing when there is no 
further monomer remaining to polymerise. 
Typically in emulsion polymerisation yol!J can only achieve 99% 
conversion since the remaining monomer can no longer reach the reactive 
centre. Further polymerisation occurs in preference to termination beca1.:1se 
the radicals will react with a monomer l!Jnit much faster than they will with one 
another. Because of this each micelle must contain either one growing chain 
or none at all. 
_/ 
Solubilised 
monomer 
* 
Emulsifier 
I on 
l 
Continuous Aqueous Phase 
Monomer Emulsion 
Droplet 
Figure 1.19 - Schematic diagram of the emulsion polymerisation process 
(some monomer is also dissolved in the aqueous phase- not shown) 
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The kinetics of emulsion polymer:isation is discussed in great detail by 
Smith and Ewart 60 and the results of their findings are described below, see 
equations 1.6 & 1.7. 
\ 
1.6 
1.7 
wt.lere: Rp = rate of polymerisation, DPN =degree of polymerisation, kp = rate 
constant for propagation, [M] = monomer concentration, NA = Avogadro's 
A umber, N = number of polymer particles in a cubic centimetre of the aqueous 
phase and p = rate of generation of radicals from the initiator (this assl!lmes 
that the monomer is water insoluble and that all of the radicals present will 
initiate the polyrnerisationprocess, however in practice only a fraction do). 
In equation 1.6, Rp relates to the overall rate of polymerisation per unit 
volume of water and kp is the rate constalilt for the propagation reaction, 
during which the polymer grows by another monomer unit. The reaction to 
which kp relates, with reference to the polymerisation of styrene is shown in 
figure 1.20. 
R~ "H C• + I 
Ph 
Ph~ 
Figure 1.20 - Reaction scheme for tt:le polymerisatior:~ of sty~ene 
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kp can be determined from equation 1.6 because we can calculate Rp. 
N and [M] experimentally and NA is constant. The factor of two in the 
denominator of equation 1.6 is because it is presumed that only half of the 
polymer particles will contain a growing radical and the other half will contain 
none. 61 
In equation 1.7, DPN is the degree of polymerisation which corresponds 
to the ratio of the rate of growth of a chain (i.e. kp and tM]) to the frequency of 
radical capture by the polymer chain (p/N). Each primary radical is thought to 
produce a new polymer chain up to the point when it is terminated; the final 
size this chain achieves before termination is dictated by the degree of 
polymerisation. Both equations 1.6 and 1. 7 vary directly on the nl!lmber of 
particles present, N; however the degree of polymerisation also depends on 
rate of radical generation, p. 
1.3.4.4 Vinyl Acetate Emulsion Polymerisation 
The production of vinyl acetate (VAc) was first patented by Klatte 62 in 
1914, and it was polymerised shortly afterwards. In 1926 the first major 
industrial use of PVAc was developed. It was found that poly(vinyl alcohol) 
(PVA), which was used as a textile size, could be synthesised from PVAc. 
Nowadays around 3 million tons of vinyl acetate are manufactured worldwide 
every year; the method of production is mainly by the oxidative addition of 
acetic acid to ethylene in the presence of a palladium catalyst. 63 
[0] 
+ ... 
Pd cat. 
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Figure 1.21 -Reaction scheme for the prod~:~ction of vinyl acetate 
When high molecular weight PVAc is required, generally for use in the 
adhesive and surface coating industries, it is produced by emulsion 
polymerisation. Its low cost and good performance as well as its ability to 
copolymerise with acrylates and other vinyl esters has ensured its continued 
use in the field of emulsion polymerisation.64-69 
PVAc is often considered the extreme case for emulsion 
polymerisations because of the polarity of the monomer, which means that it 
is relatively highly soluble ir:1 water (2%). Because of this polarity the 
propagation rate of the polymerisation is very high, as is its rate coefficient for 
transfer when compared to other monomers. It also induces accelerated 
decomposition of the persulfate initiator to produce radicals at a much quicker 
rate than for any of the other common mor:~omers. As well as this, it also gives 
highly unfavourable reactivity ratios for inclusion of vinyl acetate monomers in 
copolymer chains. 
The distribution of molecular weights of poly(vinyl acetate) emulsion 
polymers has been investigated by Lee et al.70 They found higher molar 
concentrations of low molecular weight chains occurring at high surfactant 
concentrations. They also found that molecular branching occurs in most 
cases, due to multiple propagations and radical transfers which cause a rapid 
increase in higher molecular weight fractions. 
There have been many different types of initiators devised to produce 
PVAc using both the thermal and redox methods of radical production. 
Thermal decomposition of potassium persulfate is a method frequently used 
by chemists to produce radicals. Sarker et al. 71 found that the rate of 
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decomposition of potassium persulfate to produce radicals did not depend on 
the presence of PVAc. Lepizzera et al. 72 four.1d that the addition of PVA to 
produce a copolymer with PVAc increased the rate of decomposition of the 
persulfate initiator; they also found that the high molar mass PVA materials 
promote decomposition of the persulfate even quicker. 
The properties of PVAc latexes can be enhanced further through 
copolymerisation with other monomers, as is the case with many types of 
latex. Makgawinata et al. 73 have discussed one such copolymer which is the 
vinyl acetate/n-butyl acrylate (VAc/BA) copolymer latex. They found that the 
feed rate of the monomer mixture has an effect on the final properties of the 
latex and concluded that semi-batch polymerisations provide better control 
over compositional heterogeneity than batch polymerisations. 
The stabilisation of polymer colloids has been well studied and it has 
been found that the choice of surfactant is the main criterion. This is 
especially the case when producing latexes because the stability of the 
polymer-water interface is essential to create a stable dispersion. Urquiola et 
al. 74· 75 used sodium dodecylallylsulfosuccinate (SDAS) as the stabilising 
surfactant for PVAc em~:~lsions, and found that it played a significant role in the 
rate of polymerisation as well as in the physical properties of the latex. It was 
found that SDAS decreased the rate of polymerisation by congregating 
predominantly at the polymer-water interface, leading to a more efficient 
termination step which resulted in a decrease in the total number of radicals. 
PVAc emulsions are used as film-formers in the coatings industry to 
coat many different structures. The main reasons for using PVAc .are 
discussed more thoroughly in the following section. 
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1.4 Latex Film Formation 
1.4.1 Introduction 
The oil-in-water product obtained from emulsion polymerisation is 
generally knowr:1 as a latex. Initially these were only found to occur natur:ally in 
the form of sap from the para-rubber tree (Hevea brasiliensis) but the 
discovery of synthetic latex during the 1940's allowed many different 
variations to be produced using different polymer systems. The main use of 
latexes is as synthetic rubbers, which are themselves used in mar:~y different 
applications. They are useful because they produce compounds which are 
both flexible and impermeable whilst retaining good mechanical strength. This 
has led to their use in many different areas such as sealants, coatings and 
other flexible compounds. 
Films can be made readily from the latex emulsion by drying down the 
water phase, leaving a continuous film. Due to their ability to form films readily 
as well as the physical properties associated with latexes, these are used as 
the bulk polymer binder (film-former) in glass fibre size formulations. 
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1.4.2 Film Formation Mechanism 
The method of latex film formation has been investigated in depth 
using many different analytical techniq ues such as electron microscopy, 76 
atomic force microscopy, 77· 78 neutron scattering 79 and dynamic mechanical 
analysis. 80 
The mechanism of film formation can be split into four distinct stages:81 
stage 1 1 
stage 2 1 Packing 
stage 3 ~ 
Breakage of lnterfac 
stage 4 1 
Figure 1.22 - Schematic diagram showing the process of latex fi lm formation 
Water Evaporation 
The water present in the emulsion evaporates, leaving the polymer 
particles which pack together densely. The rate of evaporation of water was 
found to be constant over time, initially it was even found that the rate was 
similar to that of water due to the dilution being so high. Eventually, though, as 
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the water content decreases there is some slowing of the rrate of 
evaporation. 83 
Packing of polymer particles 
If the temperature is above the minimum film forming temperature 
(MFFT), 84 the particles will defor.r:n to pack together more efficiently. The 
MFFT is generally close to the T9 , but mot always.85• 86 Problems occur when 
tlile latex is dried at a temperature lower than the MFFT as this creates a 
discontinuous film with voids present, making the film appear opaque 
pmmoting scatterting of light. Conversely, if the diffusion of the polymer in the 
particles is too great a stable dried film will r:~ot form, instead' creating a tacky 
glue-like substamce which may be used as an adhesive. 87 It has been 
postulated that the MFFT can be related to the polymer particle size. 88 
However, this effect is dependent on particle size since a large increase from 
150 to 1200r:~m only increases the MFFT temperature only slightly.85 
Breakage of interfacial barr.iers 
After sufficient time the hydrophilic interfacial barriers between the 
particles will break allowiRg free movement of the polymer chains which will 
aid diffusion. 
Polymer diffusion 
If the temperature is above the T 9, the polymer chains will diffuse 
together, increasing the mechar:~ical properties of the film which allows a 
stable film to form. 89-91 Depending on the film formation conditions, the 
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hydrophilic mater;ial ·eitlilerr will be dispersed tf.lrowghowt the film or will 
congr:~gate at an interfaee. 
It was· ,found that, orn ageirng,. ·furttiler coalescence occur;s petween, the 
polymer ,particles, which liemoves any of the residwal' particle;..like strructur;e 
frrom the filmi.(a small amownt of particle structure gener:ally remail1s dCJe .to the 
·continwed presernce .of hydrophilic species in the film). This occurs d'ue to :the 
hydrophilic species migrating to the imteriface of ttile ,film.9:2 Howe'iler, Bradford 
et al. 93 disooverted this was n·ot tlile case for PVAc as they recorded a faint 
particle like· structure remaining irn the ·film. e'ilern after 280 days. 'ttitey 
attrit:>uted this to the surface hydrolysis of a small amount of PVAc Which 
created PVA. This tnen formed a continuous metwork thr;ol!Jghout' tlile film· 
separ:atirng the PVAc ·particles arfld heAce ensurir~g ttile faint particle.,like 
stn:acture· remained. 
Models of the film forrnatiorn: process :tilave · be.en postulated' to 
rationalise ,t'lile exper:imental1 r;esults, · 94• 95' :however: there ar:e some tr:minor 
problems With .these models. One· such problem 1is that tlile · evaporratior~ of 
water frrom the emUI$ion is noA•uniform. meamimg that differel'ilt areas ·of fi!m 
drry at different rates. This.:f1ecessitates the use of estimates ilil· the· simwlation', 
wti1icti11 r:educes :accwracy. 
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1.5 Conclusions 
There are many different aspects to the chemistry related to glass fibre 
sizes which can be investigated. It t:las been shown that glass fibres can be 
l!lsed in a valiiety of differerilt areas dwe to their attractive physical properties. It 
has also been shown that the size which binds the individual glass fibres 
together plays a major role im maintaining their usefulness. The size has been 
shown to consist primarily of a latex based film-former with a number of 
additives which tailor the compourild to the specific area in which it will be 
used. Due to .its latex nature, a continuous filr:n should form so long as it is 
dried under certain conditior:ts. 
It is very swrpliising tt:lat, despite the widespread use of glass fibre 
sizes, a complete investigation of the perfolir:narilce of a glass fibre size has 
never been undertaken. Even the structure of a fibre size has never been 
published in any great detail. 
The aim of tt.lis tlilesis ~_is to. rectify this anomaly b~ characterising fuJiy 
the structwre of a common glass fibre size as well as determining the effect of 
tlile size composition on its per:fmmance. Tli1e performance is to be split into 
three different sectiorns: clarity; glass protection; and strand integrity, each of 
which are required to pr:oduce a fully ft:mctional glass fibre size. The pt:lysical 
properties of a common film-former will also be altelied to pr;oduce a range of 
molecular weights and' average latex particle sizes to determine how they too 
will: affect the performance. Tt:lis work has been. carried out in collaboration 
with Celanese· Emulsions, who are based in tt.le Netherlands, ar:td with St. 
Gobain Vetrotex, who are based in France. 
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Experimental Techniqu~e 
Th;eory 
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2. 1 Introduction 
The airn of this project is to determine the performance properties of a 
variety of glass fibre sizes. To achieve this, a wide variety of techniques must 
be emp'loyed to 'investigate the wide range of performance criteria which have 
been detailed previously in section 1.5. 
Initial iravestigations into the physical properties of the film-former must 
be undertaken using analytical tect:lniques specific to polymers (such as gel 
permeatiora chromatogr:aphy and particle size analysis) to determine the r;ange 
available. When these are known the actual str:ucture of films of the dried size 
will be investigated l:JSing microscopic and chemical & elernel!ltal al!lalysis 
techniques. This should produce an accur:ate representation of the size where 
the different components present are mapped to different areas of the film. 
This work will then be followed by further investigations ·into the performance 
of the films for use as industrial glass fibre sizes. Evidence of trends will be 
explored using thecdifferent physical property based sizes as. well as sizes 
which contain varying concentration levels of additives. 
The perform~rtce investigation has been split into three distinct areas: 
clarity; glass protection; strar~d integrity, with each requiring differ:ent pieces of 
instfil:Jmentatiqn. 
Tlile :investigation into the claritY of the dried .films will ~focus on 
absofiptiol!l spectroscopy. Microscopy will also be used. ,to investigate the 
homogelileity of the film as this can affect the clarity .. The wetting ability of the 
size will also affect its clar:ity so gortiometry and wet-out testing. will also be 
required. 
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Glass protection will be investigated primarily using microscopy in ar:1 
effort to determine whetliler any differer:1ces in film formatiom occur during the 
drying process for all of the ditferent variations of the size. 
The strand integrity proper:ty to be measured primatiily involves the 
determination of the physical strength of the dried films. This will be 
investigated using a rrange of tensile testing ir:1struments including dynarmic 
mechanical analysis. 
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2.2 Experimen.tal Technique Theory 
2.2.1 Gel Permeation Chromatog~raphy 
The most common method ·of determining the molecular weight and 
polydispersity of a polymer is by using a specialised form of liquid 
chromatography called gel permeation chromatography (GPC), also known as 
size exclusien chromatography (SEC). Polymer is injected into the GPC as a 
dilute solution and is forced through a coll!Jmn packed with cross-linked 
polymer particles at a very tiligh pressure. It is essential that the polymer 'is 
dissolved fully as all remnants must pass through the instrument. If any 
polymer ·is left behind then future samples would be contaminated. The 
polymer sample then passes through a matrix of cross-linked particles present 
within a column which separates the molecules accordingly hydrodynamic 
radius (Rh). It is found that the ·lower Rh species present in the sample 
undergo more interactions with the matrix, producing a longer retention time 
within the colt~mn. Since Rh is related to molecular weight, this provides a 
means of separation based on molecular weight. The larger molecular weight 
species will therefore have· a smaller retention time and a full analysis of the 
molecular weights present can :be determined. 
A refractive index detector is used to identify the polymer sample as it 
passes off the column. Due to interactions within the coll!Jmn the sample 
passes off according to molecular weight and the detector measures how 
much of the sample is eluted from the column at a given time. A plot of 
relative response from the detector against time (which starts at zero when 
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the sample is injected) is produced and a computer calculates the molecular 
weight of each peak on the graph. A calibration curve plotted from the data 
produced from a range of star.~dard samples of known molecular weights are 
used to correlate the retention time of the columa to a range of molecular 
weights. 
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2.2.2 Pboton Correlation Spectroscopy 
Particle size analysis can be performed using a photon correlation 
spectrometer. This technique calculates the particle or molecular size 
distribution im a sample trom direct measurement of diffusion ·coefficients. The 
instrument contains a laser light source col:lpled with an optical adjuster to 
focl!ls the incident beam. As the particles in the sample undergo Brownian 
motion (due to Uter:mal agitation) tl:tey are detected and: analysed by 
illt~mination with a laser and measurement of the scattered light with a 
:photomultiplier. The scattered 1light at any instant 'in time will produce an 
interference. pattern, wt:tict:t is dependent upon the pattern of particles 
illuminated by the laser beam. As the particles diffuse their relative positions 
change .thus causing a constantly fll!lctuatingr interfer.ence pattern. This varies 
the light intensity at the detector wliliclil is positioned at 90° to the incident 
beam. Tlilese intensity distributions are random and occur on a time scale of 
micro to milli-seconds·. Lar.ge particles move more slowly than small particles, 
r:neaRing they will change positions more slowly creating slower intensity 
fluctuatioms at the detector. Conversely smaller particles move faster and 
produce rapid intensity fluctuations. Photon correlation spectroscopy is based 
on measuring the fluctuations in the numbers of scattered liglilt photons amd 
determines the particle size of a sample by characterising the timescale of the 
fluctuations. 
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For a solution of giveR viscosity, at a constant temperature, the rate ·Of 
ditfusior.J; or ~the diffusion ·Coefficient (D) is inversely related to· particle size 
according to the Stokes-Eir~stein equation (equatio11 2.1): 
Equatior.~ 2.1 
Where: k is the Boltzmamn constalilt, Tis the temperature in Kelvin, dis 
the splilerical hydrodynamic diameter and f1 is tlile viscosity of the dilueRt. 
This type of instrument can also calcwlate tlile mean size distribution, 
which ir.~dicates the polydispersity of the sample, and the presence of more 
tlilan. one mean particle size. 
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2.2.3 Scanning E:lectron 'Microscopy 
Scanliling electr:on microscopy (SEM) works in a very similar marmer to 
optical mieroscopy, using electr:ons instead of light waves to obseliVe the 
stfiucture of a sample. Electrolils are accelerated from the catlilOde electron 
gun by positioning a positively cnarged anode beneath it. Electromagnets are 
then used to bend ,the electron beam to focws the image much like ilelilses are 
used ir:J alil optical microscope. ~his allows greater accuraey ilil producing 
clearer images with a much glieater range and control of ma{llnification. The 
image is produced by the conversion of backscattered or secondary electrons 
emitted from the sample by Ute electron beam into a signal, constr:ucted by 
computer software, which produces a live picture on a screen. As the nwmber 
of secondary electrons emitted ehalilges, so too will the arnplificatimt of the 
signal received, as one increases so will the oUter. Similarly, the signal alters 
as the number of electr:ons emitted alters, i.e. increase in electr-9ns emitted 
produces an increase in the signal, it is· this difference in siglilal which 
produces an image of the sample with varyililg eontrasts ideliltifying r:egions ir:11 
the sample emittililg differer:tt :levels of secondary electrons. 
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Figure 2.1 -Schematic diagram of the electron beam path in a SEM 
Individual points are scanned by the electron beam to produce a matrix 
which is transferred to the screen and arranged in order. Magnification is 
produced on the screen by changing the size of the scanned area while the 
screen size remains constant. For SEM to produce a clear image, the sample 
chamber must be kept under vacuum; if any gases are present then any 
interactions they undertake with the electron beam will produce an obscured 
image. SEM can produce suitably clear images at magnifications of six 
million. 
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For samples which are poor conductors a build up of clilarge on the 
sample surface can accumulate due to the bombardment of the electro171 
beam with the sample. This can also damage the surface of the sample by 
buming the actual sample due to the high energy of the beam. An excessive 
amount of electrons accumulate due to the poor conducting ability of the 
sample leading to a blurred image being produced. This is overcome by 
coating the surface of the sample with a thin layer of conducting material such 
as gold. It is essential that this coating is thin to ensure that the topology of 
the sample is not masked by the extra material deposited on the surface. It 
should be noted that the SEM detects topographical details of the sample by 
measuring the amount of back-scattered electrons from the electron beam at 
any given point by li171e-of-sight. If the coated material was applied excessively 
then the possibility of tlile co!71tours of the sample surface being modified 
would increase. This would cause the image displayed to appear more 
uniform due to, more electrons 'being in tlile field of sight of the detector 
producing an inaccurate image of the actual sample. 
Over time the electron beam will begin to damage the surface of the 
sample due to the 
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2.2.4 Environmental Scanning Electron Microscopy 
Environmentai scanning electron microscopy (ESEM) is an analytical 
technique used to observe samples in their natural state or under different 
environmental conditions. By incor;porating an atmosphere within the ESEM 
chamber a sample need not be conductive and therefore this erases the need 
for the sample to be coated with a conductive material SEM works by 
detecting all of the backscattered electror.~s within range of the detector and 
produeing an image from these results. A vacuum is required to prevent any 
of the electrons released from the sample from not reaching the detector 
which would reduce the clarity of the image. ESEM avoids the need for such a 
vacuum by relying on interactions between the backscattered electrons and 
that of other molecules (typically water) which will themselves release an 
electron for detection. Due to these interactions coupled with the fact that 
fewer electrons are being detected the images produced for ESEM are not as 
clear and sharp as those for SEM. This ir.~dicates that the levels of 
magnification achieved and the clarity of the image produced are not as gl!eat 
for ESEM as they are for SEM. 
The electror.~·beam present in the microscope ,is focussed on the 
sample which results in the emission of secondary electrons. "fhese electmns 
are attracted to the positively charged detector electrode present above the 
sample and, as they travel through the gaseous envimnment, collisions 
occur.96 The electrons collide with the vapour partieles producing further 
electrons and pr;omoting ionisation of the vapour. This increase in the amount 
of electrons amplifies the original secondary electron signal whilst the 
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positively charged ions are attracted to the negatively charged specimen to 
counterbalance the overall charge. 
Electron Be m 
Figure 2.2 - Schematic representation of how an ESEM image is resolved 
It is possible to obtain resolutions of 100 A and variable magnifications 
up to 80000 by varying the electron beam whilst not harming the sample. 
Because of the nature of this technique, sample preparation is minimal 
which ensures that any errors that may arise due to this are avoided and 
allows fast and accurate analysis . As discussed in the previous section the 
coating of a sample in a conducting material can alter the topography of the 
surface, ESEM doesn't require this, hence, producing a much more accurate 
image of the sample. 
69 
2.2.5 ESEM-Energy D.ispers.ive X-Ray Analys·is 
This is a specialised variation of eAvironmental scanliliAg electron 
microscopy (ESEM) which employs an energy dispersive X-ray detector 
(EDX) in conjunction with secor.~dary and backscattering detectors. This 
allows the identification a111d quantification of elements present in the sample 
and also the calculation of trne sample's empirical fonrn:Jia. Initially the sample 
is viewed exactly as stated previously for a typical ESEM and any sites of 
interest will theA be investigated using EDX. As the electroA beam per.~etrates 
the sample, secondary electrorts are emitted to produce the ESEM image. 
Trnis causes the presence of electr:on emission holes to be present in the 
electror:1 shell. If the holes present occur in the ir:mer electron shells then ooter 
shell electrons will 1.mdergo relaxation iAto ·the vacant imner veids to increase 
the stability of the atom. As the energy of an outer shell electron is greater 
thalil that of ara inner shell electron, relaxatior:1 eneligy is released in the form of 
X-rays. The precise eraergy released corresponds to an individual elemer:1t 
a111d the type of relaxation occurring.97 
The X-ray spectrum obtained from this technique contains peaks which 
corr:-espond .to specific elements which can be mapped using image 
processing software. Various integration routines allow the amount of each 
element to be identitied as a proportion of .the whole sample; tt:lis can also be 
achieved simply by comparing the heights of the peaks, however this is also 
· less accurate. EDX scans can be undertaken over variol:Js ranges of areas 
including point locations, which can eliminate .readings from regions ar:ound 
the site of interest. 
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2.2.6 Attenuated Total Reflectance - Fourier 
Transform IR Spectrosco,py 
Attenwated total reflectance - Fowrier transform infra-r;ed spectroscopy 
(ATR-FTIR) is a nom-destructive technique which can determine specific 
bonds present in a sample. Samples typically ililvestigated using this 
technique are solids al!ld liquids wlilich don't have to be further treated as is 
the case for nmr:nat FTIR. ATR spectroscopy is also particularly useful for 
measuring specific areas of a sample as the area of investigation can be 
accurately selected by changing the angle of incidence of the IR beam. This 
allows different depths of sample to be ·investigated and thus make it possible 
for a depth profile of a sample to 'be determined. This is very different from 
standard FTIR spectroscopy whict:l can only investigate the wlilole sample. 
Mid-IR spectra of a sample are obtained by passing an IR beam 
through an internal reflection element (IRE) and the sample. The IR beam is 
internally reflected through the IRE and passes a short distance into the 
sample (see figure 2.3). The penetration of the beam into the sample causes 
the functional gr:oups present to be excited at specific wavelengths of the 
beam. Therefore any functional groups present cart be determined by the loss 
of intensity at certain wavelengths which cor:respond to specific bonds. 
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Figure 2.3 - IR radiation passing through the internal reflection element producing total 
internal reflection (TIR) 
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2.2. 7 I on Beam Anaiysis 
lon beam analysis (IBA) utilises high energy ion beams to probe the 
elemental composition of a sample as a ftmction of depth, this can be 
determined to a range of several microns with a resolution of 1 00 A. The 
depth of an eler:nent can be calculated using the energy distribution of 
backscattered ions released from the sample. Distinctive X-rays emitted from 
the different target elements upon beam bombardment ensure accurate 
identitication of similar mass elemer:~ts. y-rays emitted from beam-induced 
nuclear reactions provide excellent sensitivity (in the parts per million range) 
and depth resolution (arour;Jd 50 A) for certain light isotopes such as 1H, 15N 
and 19F. 
This technique is fast and does not require calibration using standard 
samples while .producing atomic ratios for samples which are insensitive to 
their chemical environments. It is also possible to determine the film thickness 
and density of a sample as well as the presence of any structural disorders in 
a single crystal of the sample. 
IBA is a broad term that involves several specific techniques: 
• Rutherf01id Back Scattering (RBS) 
• Induced Luminescence (IL) 
• Scar.ming Transmission lon Microscopy (ST'IM) 
• Secondary Electron emission analysis (SEI) 
• Particle Induced X-ray Emission analysis (PIXE) 
• Particle Induced y-ray Emission analysis (PIGE) 
• Nuclear Reaction Analysis (NRA) 
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Some of these techniques are depicted below in figure 2.4 which 
shows the different interaction mechanisms between the ions produced by the 
instrument and the nuclei present in the sample. 
e Nucleus 
• • Electron 
• lon 
./ IL 
SEI 
X-R ys PIXE 
Figure 2.4 -IBA Schematic diagram showing different interaction mechanisms possible 
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2.2.8 Dynamic Mechanical Analysis 
Dynamic mechanical analysis (DMA) is a technique used to measure 
the mechanical properties of materials while they are subjected to a stress 
force. When a material is subjected to a force it may behave in a variety of 
ways. Brittle materials will deform reversibly upon the application of a small 
amount of force before fracturing . A ductile material will also deform reversibly 
initially under force, however rather than fracture it tends to yield and begin to 
flow under the continuous application of force until it eventually hardens and 
fails. Up to the elastic limit the material will return to its former shape and size 
when the force is removed, however beyond this point deformation is 
irreversible and creep has occurred. 
Strain 
Figure 2.5- Typical stress I strain curve 
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ductile 
failtrJf 
Th~ stiffness of a material can be expressed as the ratio of change of 
stress with strail'i'l. This ratio is commonly known as the Young's modulus of a 
sample and is expressed in eqwation 2.2. 
Y = Te11sile Stress= a= __£1_ 
T emsile Strail'i'l E A 0hL 
Equation 2.2 
Where: Y = Young's modulus (measured in Pa), F = force applied to 
the object, Ao = initial cross-sectional! area through which the force is applied, 
1\L = change in length of the sample; lo = initial length of the object. 
DMA can be used to calculate the You11g's modl!Jius of a sample from 
the gradient of a plot of stress against strain. 
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2.2.9 Adhesion 
Adhesion is defined as the molecular attraction exerted between two 
un-like bodies in contact. An example of this is the interaction of a water 
droplet on a glass window, it can be observed that the water will adhere to the 
surface of the window and the water droplet will run down the window whilst 
remaining in contact with it, see figure 2.6. 
Figure 2.6 - Water droplets adhering to a glass window 
The strength of adhesion can be determined by measuring the force 
required to fully separate the two adhering species. The adhesion between 
the dried size and the glass surface is an important property to investigate as 
it indicates the ability of the size to bind to the glass fibre . A size which does 
bind strongly to the glass surface will provide improved protection although 
this will also decrease the processability of the size. This means that it is 
increasingly difficult to remove when it is no longer required. 
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2.2.1 0 Cohesion 
Cohesion is defined as the molecular attraction of like molecules 
present within a species. The cohesive strength of a species is the amount of 
force required to break the bonding within the molecular structure. 
The strer:~gth of cohesion of a size can be determined by measuring the 
force required to separate the two surfaces which have been bound together 
by it. Therefore, ir.t our system, the cohesive strength of the size can be 
determined by measuring the force required to separate two glass surfaces 
held together by the size. In reality, the size binds together at the same time 
more than two glass surfaces. Nonetheless this measurement should provide 
a simplified value for the cohesive strength, which should allow comparison 
between different sizes. This test is only valid if evidence of the size is present 
on both of the glass surfaces after separation has occurred. If the size is only 
present on only one of the glass surfaces then the strength determined has 
been that of adhesion rather than that of cohesion. 
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2.2.11 Contact Angle Measurements 
One major factor which determines the effectiveness of a glass fibre 
size is how the wet size binds to the glass surface. Generally, a size is 
required to coat completely the exposed glass surface, resu lting in an 
increased fibre strength. This will promote cohesion between the individual 
fibres and produce a well bound glass strand . However, the size must also be 
easily removed from the glass surface when it is no longer required, such as 
when the glass fibres are impregnated into the resin matrix. The balance of 
these two requirements is one of the key objectives to consider when 
designing a successful size formu lation. 
The most common method of investigating the wetting properties of 
surfaces is by determining their contact angle, which is the angle of contact 
produced by a liquid on a surface. 98 This angle indicates the nature of wetting 
and adhesion exhibited by the surface; in our case it determines the suitability 
of the different polymer films as a size. 
The contact angle is produced by the three different surface tensions 
that surround the sample at equilibrium. These surface tensions correspond to 
the vapour-sample, vapour-liquid and sample-liquid interfaces, figure 2.8. 
v 
I I 
Figure 2. 7 - Diagrammatic representation of the equilibrium between the solid (S) , liquid (L) & 
vapour (V) phases, their subsequent surface tensions (y) and the resulting contact angle (8) 
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The contact angle, e, is related to these three surface tensions through 
Young's equation (equation 2.3). 
COS 9 = ( y SV - y SL ) 
YLv 
Equation 2.3 
Where: 9 = contact angle and y = surface tension (units N m-1) of 
various boundaries, SV = solid-vapour, SL1= solid-liquid; LV = liquid-vapour. 
The contact angle provides a quantifiable description of the wetting 
ability of surfaces. At low contact angle values (< 45°) the surface favours 
wetting, causing the liquid to spread out, and the surface is characterised 
hydrophilic. Conversely, at high contact angle values (> 45°) the surface 
repels the liquid, causing it to bead up. Surfaces showing this behaviour are 
known as hydrophobic. It is also possible to encounter surfaces which 
disfavour wetting very strongly (contact angle > 90°), which cause the. liquid 
droplet to remain almost spherical in nature when applied to the surface. Such 
surfaces are termed superhydrophobic, see figure 2.8. 
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Typical Surf ce 
Superhydrophobic 
Surface 
Figure 2.8- a) . a typical interaction between a liquid and surface; b) . another liqu id interacting 
with a very hydrophobic surface producing a large contact angle. 
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2.2.12 Wet-out Rate 
The wet-out rate provides an indication of how easily a coating can be 
removed by a secondary species, i.e. the speed at which it can be dissolved. 
For glass fibre sizes the wet out rate is an especially useful quantity as it 
indicates the ease at wnich the size can be removed from the glass fibres by 
a dissolving solutior:t system. This process is analogous to that of 
impregnation of the sized fibres in a resin to produce a toughened composite 
material. 
The wet-out rate can be accurately calculated using a special 
instrument designed by Celanese. The instrument consists of an LED light 
source, used to prevent excessive heat which would promote evaporation of 
the resin, a phototransistor sensor, used as the detector, and software on a 
computer which interprets the data received from the sensor. 
The light source, positioned above the sample, passes through a glass 
window upon which is placed a chopped strand mat (csm) of the sized glass 
fibres. The mat is then held in place with a metal plate which has been cut to 
leave a circle of the sample exposed. The exposed area is treated with the 
resir:t, which acts to dissolve the size from the fibres, and the detector is 
placed below. As the size dissolves from the fibres the mat will begin to open 
up which increases the amount of light being transmitted tnrough the sample 
to the sensor below, see figure 2.9. The time taken for the size to dissolve 
from the glass surface can then be calculated for all samples if a uniform final 
intensity threshold is used throughout. 
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Figure 2.9- Sized cloth before (top) and after (bottom) immersion in styrene (12 > 11) 
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Chapter 3 
Experimental 
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3. 1 Materials 
The bulk of the materials used durimg this investigation were supplied 
by the sponsors of the project. The base materials ~sed to create the different 
va~iations of the vinyl acetate ~based film-former were supplied by Celanese 
wlilo have requested that .the polymerisation procedure and the materials used 
remain confidential. St. Gobain Vetrotex supplied tt1e additives which are 
added to the film-former to create the size, however they have only supplied 
ambiguous names rather than detailed information regarding the components 
present in each additive. 
Deionised water was used throughout the investigation. Acetic acid 
was lJSed to bl:Jffer the size sol~tion dl:Jring synthesis and this was s~pplied by 
Aldrich. Styrene was used as a wetting liquid during the comtact amgle 
determimation and this was supplied ·by Fluka. A granulated sample of PVAc 
was used to produce an ATR-FT:IR spectrum against which tl:le dried size 
films cou'ld be com~pared against, this was s~pplied by Aldrich ( Mn = 74 kDa). 
Glass slides ~consisting of E glass), whicl:l were ~.:~sed to create thin 
films of the dried size, were supplied by Fisher. Glass fibres, which were used 
during the wetting investigation, were supplied by St. Gobain Vetrotex. 
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3.2 Sample preparation 
3.2.1 Introduction 
The general aim of this project was to determine how the glass fibre 
size for;rnulation and physical properti~s affect the performance of the sized 
fibre. To carry this out, a range of film-former latexes with different physical 
properties were created for use throughout the project. Initial testing was 
performed to determine the physical properties of the film'"former latexes pr,ior 
to size preparation. All of the sizes were synthesised in the Chemistry 
Department laboratories at Durham University using standard laboratory 
glassware. 
Due to restricted access to fibrising facilities and small scale 
measurement apparatus, used to measure accurately properties of thin films 
on fibres, the majority of testing was undertaken on size films created on flat 
microscope glass slides. As these samples are differelilt from those produced 
in industry it must be understood that the results obtained will likely be 
different from those relating to actual glass fibres. Such differences 
attributable to the low surface area of the glass interface should exist such as 
the adhesive strength. However, it is assumed that any trends exhibited by 
the different sizes on flat surfaces should also be preselilt on curved systems. 
It is these trends rather tlilan the actual values obtained which will form the 
basis of the discussion and conclusions. 
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3.2.2 FUm-former preparation 
The film-former is a complex emulsion-based polymer system which 
contains surfactants and additives to impart specific properties. Small 
amounts of monomer and initiator are added initially to start the reaction and 
this is maintained by the further addition of both in a semi,.batch process. 
The preparation procedure of the PVAc based film-former which was 
followed is detailed below in Table 3.1. The equipment used and the names 
and amounts of the substances have not been inCluded at the request of 
Celanese due to privacy issues. All of the variations of the film-formers 
produced using this procedure were created by myself at Celanese's 
laboratories and were not interfered with by anyone else to ensure the validity 
of both the results and the conclusions hence drawn. 
Table 3.1 -General film-former emulsion preparation procedure 
Stage Comment 
1 PVA stabilised ·aqueous solution produced 
2 Buffer solution added 
3 First stage monomer added and solution heated 
4 First stage initiator added 
Continuous additions of: 
5 • Reducing agent (sodium thiosulfate I bicarbonate mixture) 
• Oxidising agent (hydrogen peroxide) 
• Monomer (VAc) 
6 Final stage initiator added 
7 Solution cooled and anti-bacterial agent added 
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The formulation of the film-former was altered to produce a range of 
molecular weights and particle sizes. This produced a range of physical 
property differences in the size which could be investigated to determine how 
each property affects the performance. It is known that the molecular weight 
can be altered by changing the concentration of initiator used and that the 
particle size can be altered by changir:tg the concentration of first stage 
monorner.63 The standard formulation of the film-former uses a 100% 
concentration of initiator and 5% first stage monomer, so by altering the 
concentrations of both (12.5-150% initiator concentration; 0-25% first stage 
monomer) a range of molecular weights and particle sizes could be produced. 
Each film-former emulsion was produced as a 2.5 litre batch and has a stated 
shelf life of over three years. 
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3.2.3 Size prepa~ratoon 
Sizes were created .from a standard formulation supplied by St. 
Gobain-Vetrotex using the film-formers created in the previous section. All of 
the variations of the sizes produced using this procedure were created by 
myself and were not interfered witl:l by anyone else to ensure the validity of 
both the results and the conclusions hence drawn. The formulation used is 
detailed below: 
400 g of deionised water was charged to a 2 litre conical flask and 
aciditied using 0.1 g of acetic acid. 3.5 g of coupling agent was added to the 
reaction dropwise over 10 minutes under stirring and the reaction was allowed 
to stir out for a further 30 minutes. 
45 g of film-former was charged to a 250 ml conical flask and diluted 
with 1 Og of de ionised water under stirring. 4.5g of plasticiser was added to the 
reaction dropwise over 15 minutes and the reaction was allowed to stir out for 
a further 30 minutes. 
5 g of lubricant was charged to a tOO r:nl conical flask. 50 g of 
deionised' water which had been heated to 35°C was charged to th~ reaction 
under stirring. 
2.5 g of anti-static agent was charged to a 100 ml conical flask. 50 g of 
deionised water which had been heated to 35°C was charged to the reaction 
under stirring. 50 g of cold deionised water was then added and the reaction 
was allowed to cool to room temperature. 
Combine all four solt~tions into one pot and charge 379.4 g of deionised 
water to the reaction under stirring. 
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Table 3.2- Weight composition of standard size formulation 
Constituent Weight (g) for 1 litre of size 
Acetic acid 0.2 
Coupling agent 3.5 
Film-former 45 
Plasticizer 4.5 
Lubricant 5.0 
Antistatic agent 2.5 
Deionized water 939.3 
Total 1000 g 
From this composition we can observe that the solid content of the 
sizes produced will amount to only 6%, due to the large quantity of water 
present in the size. However, filr:n-form.er emulsions tend to have only a solid 
content in the region of 55% meaning that the overall solids content of the 
size is actually only about 4%. This value is in the region stipulated by 
Lowenstein at which a size will be most effective. 13 
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3.2.4 Size film preparation 
Due to the size having a very low solid content, a large amount is 
required to produce a film which can be handled. Obviously spin coating is 
only useful for very thin films under these circumstances so a direct 
application of the liquid size onto the glass surface is required. To obtain films 
with similar dimensions it was decided that they should be coated on identical 
75 x 25 mm flat glass microscope slides. The glass was washed with acetone 
prior to use to remove any possible residues which could contaminate the 
films and they were dried using clean tissue paper. These slides were then 
placed inside glass Petri dishes and completely immersed in an excess of 
size. After the sample had been dried in an oven the coated slides were then 
cut from the Petri dish using a clean scalpel and any excess film overlapping 
the edge of the flat glass surface was cut away. By testing a range of solution 
quantities it was found that 30 ml of liquid size produced a film with a 
thickness of amund 50 j..lm which could be handled relatively easily without 
deformation of the film. The reverse side of each slide was cleaned with 
acetone to produce slides with size only on one side. 
There are two main methods of drying the size to produce uniform 
films, vacuum drying and heat drying (or a combination of the two). It was 
found that when the liquid size was placed under a vacuum, bubbling 
occurred which produced non-uniform films. This occurred due to trapped air 
in the size solution due to the large amount of stirring used to mix the solution. 
Because of this problem, heating alone was used to dry the solution and 
· prodt:Jce uniform films. 
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A preliminary investigation was undertaken to determine the standard 
drying temperature to be used. Four samples were created from the same 
batch of size and each of the samples was dried at a different temperature in 
an oven. The point at which no liquid size remained was used. to determine 
the time to complete drying. Since the poi~t at which the sample was fully 
dried is fairly ambiguous, the actual drying times were only recorded to the 
nearest hour. The resulting drying curve plot is shown below in figure 3.1. 
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Figure 3.1 - Size drying curve for the standard formulation at different temperatures 
It can be observed that as the drying temperature approaches the 
. boiling point of water (1 00°C} the drying time decreases rapidly. Above 1 oooc 
the drying time decreases even faster and at a temperature of 160°C the 
drying time of the film is only one hour. Although it could be concluded that a 
very high drying temperature is beneficial, it was found that the film begins to 
degrade and becomes coloured and opaque at high temperatures. Also there 
is the likelihood that the size will not have bonded chemically to the glass 
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surface due to the fast nature of the drying, and the latex particles would not 
have coalesced properly to produce a continuous film. Because of these 
factors the drying was decided to be undertaken at a temperature of 70°C 
which takes approximately 16 hours to produce a dry film. 
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3.3 Experimental Techniques 
3.3.1 Gel Permeation Chromatography 
Gel permeation chromatography (GPC) was used to determine the 
molecular weight of the different batches of film-formers produced. The 
molecular weight determination was carried out on freeze dried samples of 
the film former rather than the size so as to minimise contamination of the 
results. Low molecular weight species not originating from the PVAc may 
arise from otl:ler additives present in the final size. 
A Viscotek TDA 302 SEC apparatus fitted with two Plgel mixed C 300 
x 7.5 mm columns, running at 30°C with a THF flow rate of 1ml min-1 with a 
refractive index detector was used to determine the molecular weight data for 
the samples. Chromatography grade (>99.9% pure) THF was used as the 
solvent throughout. The ·refractive index detector was calibrated using a 
poly(vinyl acetate) standard (Mn 71.5 kDa). 
4 mg. of dried film-former was dissohted .in 4ml of THF to produce a 
solution with a polymer concentration of 1 mg I mi. This whole sequence was 
repeated to ensure reproducible molecular weight values could be obtained. 
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' 3.3.2 Photon Correlation Spectroscopy 
A Malvern Mastersizer 20008 instrument was used to determine the 
size distribution of the polymer particles present in the film-former emulsion. 2 
ml of liquid film-former was diluted in 50 ml of deionised water to reduce the 
concentration of particles present in the sample. This is required as a high 
concentration of particles will affect the scattering and mask the actual particle 
size distribution. The dispersion medium used in the Mastersizer was purified 
water and red and blue lasers of defined wavelengths (633 nm & 466 nm 
respectively) were used to produce the light. A mechanical stirrer set at 1700 
rpm was used to pump the size solution through the Mastersizer. 
The distribution was determined three times for each run with a gap 
time of ten seconds between each determination. The particle size distribution 
data were collected and averages of the distribution from three repeats were 
produced. 
This whole sequence was repeated to ensure reproducible particle size 
distributions and values could be obtained. 
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3.3.3 Scanning Electron Microscopy 
Samples were dried onto 5 x 5 mm square silica stubs in an oven at 
70°C for 16 hours. The samples were then coated with a thin film of chromium 
particles using a Cressington 308R coater to improve the image quality by 
reducing the effect of charging of the sample by the electron beam. The 
sample was mounted in a S5000 Mesh holder and placed in a Hitachi S5200 
field emission scanning electron microscope. The sample was held in the 
microscope chamber under vacuum at 1 x1 0"8 Pa for 2 minutes prior to the 
electron beam being switched on. A beam voltage of 1.5 keV was used 
throughout for all samples and a secondary electron detector was used to 
produce the image. Various magnitications were used to obtain images to 
investigate the samples fully. 
Imaging of the polymer particles was possible using this instrument 
coupled with a fast drying technique. This involved applying a vacuum to silica 
squares coated with the wet size; due to the rapid evaporation of the water 
under vacuum, the particle-like structure could be trapped as a film without 
coalescence of the PVAc particles occurring. The samples were then placed 
in the mesh holder and inserted into the scanning electron microscope (SEM) 
and investigated using the method already discussed. Measurements were 
then taken of the resulting particle diameters using the measurement tool in 
the SEM software. 
Both of these sequences were repeated to ensure reproducible 
images; particle size measurements could' be obtained from the SEM with a 
reasonable degree of accuracy. 
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3.3.4 Environmental Scanning Electron Microscopy 
) 
I 
An FEI/Philips XL30 environmental scanning electron microscope 
(ESEM) was used to investigate the surface of films of the dried sizes. The 
films were created on glass slides as described previously. The samples were 
frozen by immersion in liquid nitrogen to adhere them fully to the glass slide 
prior to cutting; this ensured that the film would not be deformed during the 
cutting of the sample. This was undertaken to produce a smaller sample with 
dimensions 1 0 x 10 mm which would fit inside the ESEM chamber. A 
diamond-tipped pen was used to cut the sample to the required size and this 
was then attached to an ESEM stub using carbon tape, with the film pointing 
towards the detector. The sample was then left for ten minutes at room 
temperature to thaw before the electron beam was switcliled on and the 
irwestigation was begun. 
Samples were also mounted perpendicular to the detector to produce 
images of the cross-section of the dried film on the glass. A screw stub, which 
consists of a perpendicular groove through the stub where the sample stands 
and a screw which tightens onto the sample to keep it in ·place, was used to 
achieve this orientation. The stub fitted directly into the ESEM stage without 
the need for carbon tape to keep ·it in place. 
For these experiments the images were acquired using a back-
scattered electron detector at a range of voltages between 5- 25 kV and at a 
water vapour pressure of 70 Pa. The samples were imaged at varying 
magnifications with varying brightness and contrast to obtain the best images 
possible. 
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Wetting images of the size drying down on bare glass fibres were also 
obtained using the ESEM. Fibres provided by Vetrotex were heated up to 
700°C in a Carbolite CWF-1200 furnace at a rate of 5°C per r:ninute fror:n room 
temperature and held as an isotherm for 8 hours to burn off the original size. 
The furnace was then allowed to cool to 120°C at a rate of 1 0°C per minute 
· for a further 5 hours to stop any water from the atmosphere condensing on 
the fibres and weakening them. The fibres were then removed from the 
furnace and placed into a dessicator over phosphorus pentoxide to minimise 
their interaction with water in the atmosphere. 
A small quantity of the fibres was placed into the bottom of a stub with 
a small amount of the surface ground away to produce a concave bowl-like 
surface with a depth of 5 mm. The fibres were then fully covered with an 
excess of wet size and placed within a cooling stage inside the ESEM. The 
temperature of this stage is controlled externally using a refrigerated water 
supply which alters the temperature of the sample accurately to within 0.1°C. 
As the pressure in the ESEM decreases the water present in the size 
evaporates and the solid PVAc size mixture coats the glass fibres. The rate of 
water evaporation is controlled by the sample temperature and the 
environmental pressure within the ESEM chamber. As these variables can be 
both increased and decreased, precipitation of water on the surface of the 
fibres is also possible. 
For these wetting experiments the images were acquired using the 
gaseous secondary electron detector at a range of voltages between 5 - 25 
kV and at vapour pressures between 200 - 900 Pa. A standard sample 
temperature of 4.0°C was used throughout for all of the different batches of 
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size. The samples were imaged at varying magnifications with varying 
brightness and contrast to obtain the best images possible. 
All of these different techniques using the ESEM were repeated to 
ensure that reprodt:.~cible images could be obtained for all of the tests with a 
reasonable degree of accuracy. 
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3.3.5 ESEM-Energy Dispersive X-ray Analysis 
An FEI/Philips XL30 ESEM with a Roentec Quantax energy dispersive 
X-ray analyser (EDX) attachment based at Newcastle University was used to 
investigate the elemental composition of specific areas of a film-coated glass 
slide sample. Films of the sizes were created on glass slides as described 
previously; these were then frozen in liquid nitrogen to prevent the film from 
moving and cut using a diamond tipped per1. The samples were mounted 
perpendicularly into the ESEM using a screw-stub as described previously. 
lndi\lidual points on the sample were investigated using X-ray analysis 
via the EDX to determine the elemental composition. Larger areas were also 
investigated in the form of a line scan which produces an elemental 
composition graph showing the change in elemental abundance in different 
parts of the scanned area. For the individual point investigation an analysis 
time of 60 seconds was used to obtain a sufficiently large amount of data 
which could be converted into a composition map of the sample. For the line 
scan investigation this analysis time was increased to 300 seconds to account 
for the larger area being investigated. 
For these experiments the images were acquired using a back 
scattered electron detector at a range of voltages between 1 0 - 25 kV and at 
a constant water vapour pressure of 70 Pa. The samples were imaged at 
varying magnifications with appropriate brightness and contrast settings to 
obtain the best images possible. 
This whole sequence was repeated to ensure reproducible elemental 
composition data could be obtained with a reasonable degree of accuracy. 
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3.3.6 Attenuated Total Reflection - Fourier Transform 
Infra-Red Spectroscopy 
A Nicolet Nexus attenuated total reflection-Fourier transform infra-red 
(ATR-FTIR) spectrometer was used to investigate the difference in the 
chemical group concentrations at the two interfaces of the dried size film (the 
I 
air and the glass interfaces). The films were created on glass slides as 
described previously and were peeled from the slide carefully so as not to 
cause deformation of the film. A reference spectrum of pure PVAc was 
produced using a standard sample of granulated PVAc supplied by Aldrich 
(Mn = 74 kDa). The granules were ground to produce a fine powder using a 
pestle and mortar and a small sample of this was used to produce the 
comparative IR spectrum. 
The instrument was pre-cooled using liquid nitrogen and a cycle of 32 
repeating steps was used for the collection of both the background and the 
sample spectra. The top (size-air interface) and the bottom (size-glass 
interface) of the film were investigated and the resulting spectra were 
compared to determine whether differences could be observed. 
This whole sequence was repeated to ensure reproducible IR spectra 
could be obtained with a reasonable degree of accuracy. 
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3.3. 7 UV -Visual Absorption Spectroscopy 
An ATI Unicam UV-2 spectrophotometer was used to determine the 
optical absorption properties of glass coated films of the sizes. The size films 
were created on glass slides as described previously. To ensure accurate 
absorbance results the thickness of the sample films have to be the same for 
all of the samples investigated. This is because the amount of light scattered 
is proportional to the amount of particles present in the sample and the 
amount of particles will increase with thickness. To ensure films with uniform 
thicknesses were produced, many films of each size were created on glass 
slides with known thicknesses. The thickness of the film could then be 
determined accurately by subtracting the thickness of the glass slide from the 
overall thickness of the sample; all of the measurements for this were 
performed using a digital micrometer. Only films with a set thickness of 50±2 
IJm were used for this investigation. 
The absorbance measurements were undertaken on the complete 
samples; this means that the absorbance data obtained also include that of 
the glass slide. However, by recording the absorption spectrum of the bare 
glass slide and subtracting this from the spectrum of the whole sample, the 
trace for the film alone could be obtained. This whole sequence was repeated 
to ensure reproducible absorbance spectra of the tilms alone could be 
obtained with a reasonable degree of accuracy. 
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3.3.8 lon Beam Analysis 
The films were created on glass slides as described previously. The 
samples were frozen by immersion in liquid nitrogen to adhere them fully to 
the glass slide prior to cutting; this ensured that the ~ilm would not be 
deformed during the cutting of the sample. This was undertaken to produce a 
smaller sample with dimensions 25 x 10 mm which would fit inside the ion 
beam chamber. A diamond tipped pen was used to cut the sample to size and 
this was then attached to a rectangular stub with carbon tape. The stub was 
then inserted into the chamber and ten minutes were allowed for the sample 
to thaw before the ion beam was switched on and the investigation was 
begun. 
Prior to this, initial testing had taken place on spin coated films, 
however these films were found to be too thin due to the low solid content of 
the size. The ion beam burned through the films at even the lowest possible 
beam energies and analysis of the sample could not be undertaken. 
The near-surface elemental distribution was analysed using 4He+ ion 
beam analysis, with a beam energy of 3.2 MeV. Backscattered 4He + ions were 
detected with a passivated implanted planar silicon detector at 170° to the 
direction of the incident beam. Rutherford back-scattering data were collected 
by the detector and the spectra obtained contained information about both the 
elemental composition and the depth distribution of the elements present in 
the sample. In order to decoupie the elemental information from the depth 
distribution it was necessary to compare spectra measured at multiple angles 
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of incidence. To achieve this, analyses were performed with the sample 
aligned at 65°' 75° and 80° to the incident beam. 
By using data fitting software it was possible to produce a realistic 
simulation of the depth profile of certain elements present in the sample. The 
IBA instrument used was a NEC 5SDH Pelletron device and the data fitting 
was undertaken using Surrey University's Datafurnace software. This whole 
sequence was repeated to ensure reproducib le elemental analysis and depth 
profile data cou ld be obta ined with a reasonable degree of accuracy. 
Figure 3.2- IBA instrument used for investigation 
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3.3.9 Dynamic Mechanical Ana~ysis 
Dynamic mechanical analysis (DMA) was used to determine the 
Young's modulus of films produced from the sizes. Unlike previous samples, 
the films pr:oduced for this technique wer:e not coated onto flat glass slides. 
Instead, 30 ml of wet size was poured into a glass Petri dish, which was dried 
in an oven at 70°C for 16 hours to produce a uniformly thin film disc. This disc 
was then cut into rectangular shapes, the length, width and thickness of which 
were determined accurately using a digital micrometer. The rectangular 
samples were then mounted in a film clamp in the TA Instruments aaoo 
dynamic mechanical analyzer and an isothermal protocol was run to 
determine the Young's modulus of the size films. The protocol used was: 
Step 1. Heat to 25°C 
Step 2. Isotherm at 25°C for 3 minutes 
Step 3. Stress-Strain investigation with load ramp of 0.1 N min-1 
The stress-strain curves were plotted from the data obtained from this 
investigation and the Young's modulus was calculated from the gradient of the 
curves. This whole seqt~ence was repeated to ensure reproducible Young's 
modulus values for films of the sizes could be obtained with a reasonable 
degree of accuracy. 
105 
Figure 3.3 - Image of film mounted in the DMA prior to a load being appl ied 
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3.3.1 0 Peel Test 
Films of the size were created on glass slides as described previously 
in section 3.2.4. This method produced films with a thickness of 50±5 IJm. 
The force binding the film to the glass slide is known as the adhesive 
strength. This can be determined from the sample by measuring the force 
required to peel the film from the glass slide. An lnstron Extra Servo 
mechanical tensile testing machine was used for this task. 
A variation of the ISO standard 180° peel test 100 was used to 
determine the adhesive strength of the films. This test is normally used for 
such a determination but it was found that, at this angle, the peeled film 
underwent self-adhesion during peeling producing inaccurate results. To 
counteract this effect a slight tilt to the glass slide was introduced using a 
small piece of metal wire. This reduced the angle of the peel allowing it to be 
performed without this self-adhesion occurring. 
SIZE-...-••P 
FILM 
GLASS 
SLIDE 
FORe 
~ , 
Figure 3.4 - Schematic diagram of the modified peel test which measures the adhesion of the 
dried size to glass surface 
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The new peel angle range was calculated using trigonometry as the 
diameter of the wire and the distance of it from the slide were known. It was 
found that the peel occurs at an angle of 171 o during the initial stages of the 
peel and at an angle of 168° in the final stages of the peel. 
Initial peel stage 
.f 
d= 
1.5Eimm 
Final peel stage 
A 
250mm 
tan 9 = diameter of wire 
length 
tan 9 = 1.58 = 0.158 
10 
9 = tan-1 0.158 =go 
Therefore initial peel occurs at 171 o 
9 =go I = 75mm 
sin 9 = w /I -7 sin g = w I 75 
w = sin g x 75 = 11 . 7mm 
tan 9' = w I A = 11 .7/250 = 0.0468 
9' = 3° -7 an increase of 3° from initial angle 
Therefore final peel occurs at 168° 
Figure 3.5 - Calculation of peel angle at start and end stages 
Range of peel= 171 -168° 
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The instrument was set to peel the film at a rate of 20 mm min-1. This 
whole sequence was repeated to ensure reproducib le values for the adhesive 
strength of fi lms of the sizes could be obtained with a reasonable degree of 
accuracy. 
Figure 3.6- Image of the peel test being performed on a coated glass slide. 
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3.3.11 Lap Shear Test 
A variation of the ISO standard lap shear test 101 was undertaken to 
determine the cohesive strength of the dried size. Two glass slides, which had 
been coated with wet size, were positioned approximately 10 mm apart and a 
third slide was placed on top of these binding them all together upon drying to 
create a pyramid structure. The top slide was off-set so that the interfacial 
area was much larger for one of the base slides. Therefore, when a force was 
applied to pull the two bottom slides apart the cohesion of the smaller 
interfacial area (x) will fail first. It is this smaller area which can then be 
investigated to determine the cohesive strength of the different sizes. The 
slides were also investigated for the presence of size on both surfaces to 
ensure that cohesive failure rather than adhesive had occurred. An lnstron 
Extra Servo mechanical tensile testing machine was used to determine the 
cohesive strength of a dried size and it was set to pull the slides apart at a 
rate of 5 mm min-1. 
FORCE FORCE 
Figure 3. 7 - Schematic diagram of the two point lap-shear test used to measure the cohesive 
force of the dried size binding two glass slides together 
Pyramid type samples as shown in figure 3.7 were produced using the 
above procedure. These samples were then cured in an oven at 130°C for 16 
hours. 
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Initially a cure temperature of 70°C was attempted but it was found 
that the size did not dry sufficiently over 16 hours, which produced a weak 
bond between the two glass interfaces that was too small to measure. This 
was overcome by increasing the temperature to a value greater than the 
boiling point of water, which is present in excess in the size. This enabled the 
solid content of the size to bind the glass surfaces together, increasing the 
strength of the cohesive bond to a magnitude which the testing instrument 
could measure. 
Three slides were used rather than two for this determination due to 
the orientation and inflexibility of the clamps mounted in the instrument. 
Initially a two slide sample was attempted but it was found that the sample 
failed when it was mounted in the instrument clamps. This occurred because 
the clamps are aligned at t80° but the two slide sample has a step present 
wlilich produces a lateral force in the interfacial bond. Because this lateral 
force is stronger than the cohesive strength of the bond it causes it to fail 
before any force is applied to shear tlile slides apart. By using three slides 
mounted in the pyramid arrangement the clamps are aligned and there is no 
lateral force acting on the bond. This whole sequence was repeated to ensure 
reproducible values for the cohesive strength of films of the sizes could be 
obtained with a reasonable degree of accuracy. 
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Figure 3.8- Image of the lap shear test being run on the pyramid sample 
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3.3.12 Contact Angle Measurement 
Films of the size were created on glass slides as descliibed previously 
in section 3.2.4 and the static contact angle of the dried size was then 
determined using deionised water and styrene (supplied by Fluka) as wetting 
liquids. The wet size itself was also used as a wetting liquid on bare glass 
slides to determine how the size initially adheres to the bare glass surface 
during sizing. 
A Rarne-Hart NRL 100-00 goniometer was used to investigate the 
wetting nature of the samples by measuring the contact angles made by a 
dropping liquid on the sample. The goniometer consists of a height adjustable 
stage on which the sample is placed and a focussing lens with a rotating 
cross-hair etched onto it. This cross-hair produces a tangent line to produce a 
quantifiable contact amgle measurement for the droplet; a light source is also 
present on the goniometer to illuminate the sample. When. the sample has 
been set at the correct height so that the horizontal cross-hair line is level with 
the surface .of the sample, a single droplet of liquid is placed onto the surface 
and left for 60 seconds to equilibrate. The stage is then positioned so the 
edge of the droplet lies directly on the intersection of the two lines in the 
cross-hair. The lens ,is rotated until the cross-hair forms a tangent with the 
outer edge of the droplet and the angle is recorded from the scale present on 
the lens. This tangent angle corresponds to the contact angle qf the sample 
and the manufacturer has stated that the value is correct to within ±2°. 
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This whole sequence was repeated to ensure reproducible values for 
the contact angle of films of the sizes could be obtained with a reasonable 
degr:ee of accuracy. 
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3.3.13 Wet-out Rate 
Glass tibres, in the form of a chopped strand mat, are treated with the 
size being investigated which binds them together. This sized mat is then 
placed ontp a wet-out rate detector which has been developed in the labs at 
Celanese. The mat sits on a thin piece of transparent plastic which is present 
to protect the instrument and a 5 mm thick metal plate with a circle cut out 
(diameter 50 mm) is placed on top of the mat to keep it in place. 25 ml of 
polyester resin is poured into this hole in the plate directly onto the mat to fill 
the gap. The light source is then placed over the hole and the initial time is 
recorded. When the light passing through the mat achieves a particular 
intensity then the computer stops the timer and the wet-out rate of the size is 
known. The computer program used for the wet-out rate determination was 
produced by Pico Technology and was called DrDaq. Polyester resin without 
hardener or catalyst is used to prevent polymerisation. 
The wet-out was recorded as the average of three individual runs to 
ensure reproducible values could be obtained with a reasonable degree of 
accuracy. 
This investigation was carried out by Dr. Rian van Straeten at 
Celanese labs in the Netherlands, due to the limited availability and 
uniqueness of the instrument. 
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Figure 3.8 - Image of the wet-out rate instrument designed by Celanese 
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Chapter 4 
Results 
Size Structure 
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4. 1 Introduction 
Many glass fibre size formulations exist; the choice of which should be 
used is wholly dependent on the final' application of the fibres. Fibres used for 
weaving will generally have an increased amol:lnt of film-former present to aid 
in the binding of the fibres. Alternatively, those used in matting for .roofing 
contain no film-former to promote dispersion during impregnation. 13 Most 
formulatioRs in existence were created using an empirical process, starting 
from one found previously to be successful. Subtle changes from the initial 
formulation are made depending on the end use of the finished fibre products. 
However, the effectiveness of a glass fibre size could be better predicted from 
a fl:lll appreciation of the ·Chemistry occurring within the size- this is what this 
investigatiol'il hopes to achieve. 
The first part ·Of this investigation aims to determine the chemical 
structure of a typical glass fibre size .used in industry. This includes 
determining the distribution of each component present in the size, specifically 
whether the components are found in specific areas within the size or if the 
size exists as a rar~dom mixture. This information could then be very useft:JI for 
predicting whether a hypothetical size formulation is likely to either pass or fail 
for a particular application or under specific conditions. 
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4.2 Coupling Agent Location 
4.2.1 ESEM Imaging 
Electron microscope imaging was undertaken on films of the dried 
sizes using the standard formulation supplied by Vetrotex as discussed in 
section 3.2.3. Images were taken of the cross-section of the film to investigate 
the topography and structure. 
Figure 4.1 - Cross-sectional image of the standard formulation dried size film on a 
glass slide at: (A) 125x magnification; (B) 500x magnification. 
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The images in Figure 4.1 are of a film of the dried size which has been 
laterally forced causing a fold in the surface of the film , creating an area which 
is not adjacent to the glass. 
It can be observed from these images that a lighter band is present in 
the film at the inner edge of the cross-section which corresponds to the glass 
interface of the film. This phenomenon is repeated for every other batch of 
size created using the formulation supplied . 
Figure 4.2 - Cross-sectional image of the standard formulation size film on a glass 
slide at 628x magnification (A) with the thickness of the light band calculated (B) . 
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On closer inspectior:r of this lighter band, it can be observed that it is 
quite uniform in thickness throughout the film. In Figure 4.2 (B) the lighter 
coloured band has a thickness range ~rom a minimum of 5.6 IJm to a 
maximum of 8.1 IJITI. 
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4.2.2 ATR-FTIR Investigation of Film Interfaces 
Attenuation of the IR beam on the instrument allows us to probe the 
area immediately at the air interface of the dried size. By peeling the film from 
the glass slide it was also possible to probe the immediate area of the glass 
interface of the film. 
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Figure 4.3 - IR spectra of both interfaces of the standard formulation dried size film 
(red trace - film-air interface; blue trace - film-glass interface) . 
In figure 4.3 both the air and glass interface of the film have been 
overlaid on the same graph. Here it can be observed that for the most part the 
two spectra overlap closely, however the peak around 1100 cm-1 (which 
corresponds to the Si- 0 - Si stretching vibration) appears to be greater in 
strength for the film-glass interface than for the film-air interface. This 
indicates that there are more Si-0 bond containing species at the glass 
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interface of the film. The couplimg agent used in the fon:nulation is silame-
based therefore this is ,the lililost likely cause ·Of tt.le ililcrease in Si-0 bonds. 
This observation is colilsistent with the liteliature as coupling agents are 'known 
to migrate to the glass surface of a size and lead to improved bonding.13 
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4.2.3 Elemental Analysis of the Dried Size Film 
An investigation was undertaken using ESEM-EDX to determine the 
elemental analysis of the standard composition size as a function of film 
thickness. A dried fi lm of the size on a glass slide was mounted in the ESEM 
chamber and analysed. 
Figure 4.4- ESEM image of the standard form ulation dried size film: Yellow arrow = 
area investigated by X-ray analysis; *=to the glass-f ilm interface. 
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Figure 4.5 - Elemental analysis spectra corresponding to the yellow arrow in Figure 
4.4. The left line corresponds to the glass-film interface; right line film-air interface 
(Element trace: red- carbon, green - oxygen, blue- silicon; cyan -calcium). 
The ESEM image (Figure 4.4) shows a cross-section of the dried size 
film on the surface of a glass slide. The glass area of the sample is on the left 
and the film is on the right, the interface between the two areas is marked with 
an asterisk. An X-ray analysis line scan of the area marked by a yellow arrow 
in the image was performed and the spectrum in Figure 4.5 was produced . 
The two bold vertical lines indicate the two interfaces of the film, the line on 
the left is the glass interface and the line on the right is the air interface. This 
X-ray beam used to probe the sample has a diameter of approximately 0.51Jm 
which indicates that the error in the spectrum above will have an error of the 
same distance. This occurs due to not all of the beam being in the same 
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substrate at the same time producing a gradual change in elemental 
composition ratl:ter than instaliltaneous. 
It is observed that, at the glass interface of the film, there is a rapid 
change in the carbon and oxygen concentrations in the sample, due to the 
difference in species being sampled. A similar rapid change would also be 
expected ir:t the silicon concentration, as the glass would contain a large 
amot~nt of silica which the film shot~ld not. However, a gradual decrease in the 
silicon concentration instead ,is observed, this is much longer than that 
observed for the other elements which are attributed to Ute ·error of the 
instrurner.tt. This indicates tl:tat silicon-containing· species are present in the 
film at the glass interface. As the distance from ,the interface increases, .the 
concentration of the silicon species decreases. until it reaches a plateau. This 
confirms the theory of migration of the silane-based coupling agent to the 
glass interface of Ute size during drying, to aid it 1bonding to the glass. 
It is important to note that the concentratioA of silicon present in the film 
does not fall. to zero; instead it levels out at a low content. This indicates that 
an excess of couplir:tg agent (the silicon containing. species) is added to the 
size to ensure strong bondir:tg to Ute glass. The excess is required dwe to the 
large surface area of glass present in the fibrising process; in our system 
there is a significantly lower surface area of glass in comparison to the 
amount of size usec;t to coat it. 
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4.3 Lubricant Location 
4.3.1 lo·n Beam Analysis of Size FUm 
lon beam analysis was used to create a depth profile of the dried size 
film. It was initially undertaken to study further the area at the glass interface 
of the film, to try to find additional evidence for the location of the coupling 
agent additive as part of the investigation detailed in section 4.2. 
Unfortunately it was not possible to prdbe to any significant depth of the filrn 
due to limitatior:1s caused by ·its dimensions. The ion beam used on the 
samples had to be weak so as not to destroy the thin film, making only slilort 
probe depths possible with a reasonable degree of accuracy. When the 
energy was increased to atter.npt to probe deeper into the film, it was found 
that the ion beam would bum11 straight through the film without producing any 
useful results. 
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Figure 4.5 - Rutherford back-scattering (RBS) spectra of the standard formulation 
dried size film . Points on the diagram correspond to experimental data obtained; 
curves represent the best fit. 
Initial attempts to fit the data assuming that the composition solely 
consisted of PVAc (C4H602) and the coupling agent were unable to replicate 
the large step in the data around channel 45, which is due to the threshold 
energy of recoils from carbon. It was thought that this could be due to the 
presence of extra hydrocarbons from an as yet unknown source. To negate 
this extra step an extra species was included in the model with the 
stoichiometry of C1H2; with this modification it was possible to produce data 
shown as solid curves in Figure 4.5. 
By modelling the data produced from Figure 4.5 it was possible to 
produce a depth profile of the film (Figure 4.6). 
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Figure 4.6 - Model of size composition with depth established from the RBS data. 
From the model produced, it could be observed that at the air interface 
of the film a thin layer of a hydrocarbon-based species exists which decreases 
rapidly at increasing depth. The poly(vinyl acetate) species was found to 
increase in concentration at a similar rate over a similar distance, with the 
coupling agent concentration remaining almost constant throughout. A similar 
trend was found for all repetitions of this experiment leading us to surmise that 
a hydrocarbon layer is always found at the air interface of a dried film of this 
size formulation. 
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4,.3.2 '0rigi~n of the Hydrocarbon Species 
' To determine the origin of this hydrocarbon band .found at the air 
i~terface from the IBA model, ~hree batches of size welie produced, each with 
an additive missirag. As there are or~ly five different constitl:lent compounds 
present i~ the size formulation, two of which have already been factor.ed into 
the model, sizes were produced which had either the lubricant, anti-static 
agent or plasticiser additive missing. It was presumed that the majority of the 
signal producing tlite hydliocalibon species would be significantly lower for: only 
one of the sizes if it were arising fmm the presernce of one particular additive. 
Films of the sizes lacking one additive were produced and they were 
investigated as before by IBA to determine a depth profile of eacb film. 
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Figure 4.7 - Model of size composition with depth established from the RBS data 
(A - size without plasticiser, B - without anti-static agent; C - without lubricant). 
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It call be observed from the depth protiles ill Figure 4. 7 that the two 
films lacking plasticiser (A) and anti-static agent (B) both have a large 
concentration of hydrocarbon species present at the air interface of the film 
(-70%). However, title size without any lubricant additive (C) has a reduced 
hydrocarbor:~ species concentratioA at the air interface (-30%). This illdicates 
that the majority of the hydrocar.bora species found at thle air ir~terface of the 
film must originate trorn the lubricant additive in the size. However, there is 
still 30% of hydrocarbon species present in the size without lubricant which 
'indicates that the other additives present in the size must also congregate 
towards the air interface of the film to a lesser extent. This most likely occms 
due to the relatively slow drying process used to· cure the wet size onto the 
glass surface, allowing migration of the additives. lihe plasticiser migrates to 
the latex particles to aid the plasticity of the film. The anti-static additive 
liTligrates to the latex particles to provide an electrical pathway to disperse the 
build of static electricity within the sized fibre .. Migration of the 'lubricant to the 
air interface of the film will occur to aid the flexibility of tt:le dried fiim. However, 
the ltJbricant will also be fotJnd distributed throughout the film as it provides 
the dual function of lubricatillg the film by migration to the latex particles, inr a 
similar mar~ner to thle plasticiser and the anti-static additives. 
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4.4 Ageing Study of Dried Size Films 
In the previous section it was shown that a thin hydrocarbon layer, the 
majority of which arises from the lubricant additive, forms at the air interface of 
the size film . It is expected that any migration of the additives can only occur 
during the early fi lm formation stages when the size is sti ll a liquid , al lowing 
movement of molecules to occur. After this stage, the size dries, forming a 
continuous fi lm where little migration could occur due to the PVAc particles 
diffusing together. To test this hypothesis, a film of the size was formed and 
sampled over a number of days to determine whether migration could occur 
after drying. IBA was used to investigate this by creating depth profi les of the 
fi lms, as previously undertaken in section 4.3. 
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Figure 4.8- Computer model of depth profile of sizes produced of differing ages 
Depth profiles of the size film were investigated at various ages 
between 1 and 23 days. The resulting profiles show that a general trend can 
be observed, similar to that already found in section 4.3, where a large 
amount of lubricant is found at the air interface of the film which reduces at 
increasing depths. The age of the film does not seem to produce any marked 
deviations from this trend, although some anomalies do arise mainly in 
relation to the thickness of the lubricant band. This is most likely due to 
different areas of the film being investigated for each analysis. Different areas 
of sample are required due to the high energy of the beam which degrades 
the sample. Repeated investigation of the same area would produce a varying 
depth profile, due to the area being investigated being degraded repeatedly, 
producing inaccurate profiles. Any variations in the profile of the film over the 
whole range of investigation most likely occur due to the non-uniform nature 
of the migration occurring within the film . 
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4.5 Conclusions 
It has been deduced that a definite layered structure of the size can be 
observed for glass sizes produced using the standard formulation. Due to the 
chemistry occurring within the size during film formation, it can be 
hypothesised that migration of the coupling agent and lubricant would be 
expected for sizes made from .any formulation. A schematic diagram of the 
standard model for the glass fibre size using the results obtained from this 
investigation is shown below. 
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Figure 4.9- Schematic diagram of the standard model of a glass fibre size 
This model illustrates the locations of all of the components present in 
the formulation used in this investigation. For all formulations it is expected 
that a similar trend should occur with the coupling agent migrating to the glass 
interface of the film and the lubricant migrating to the air interface. It should be 
noted that, although a significant amount of both components migrate, there is 
also presence of both throughout the bulk of the film. 
It has also been shown that migration of the size components does not 
continue beyond the film formation process and that the age of the size film 
does not have an effect on the structure. 
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Ch.apter 5 
Re·su.lts 
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5.1 Introduction 
Following on from investigative work in the previous chapter based on 
the standard formulation as discussed in section 3.2.3. it was decided that 
alterations would be made to the film-former formulation in an attempt to 
produce physical differences in the PVAc polymer. By varying the amount of 
first stage molilomer and initiator concentration added to the reaction it is 
known that the particle size and molecular weight will increase respectively. 13 
The sizes produced will then be tested in the areas of film formation, wetting, 
clarity and strength to determine whether the varying physical properties 
produce any trends in the sizes. 
138 
5.2 Film-Former Variations 
Batches of the film-formers were created by varying the standard 
formulation as described in section 3.2.3. Both the initiator concentration and 
the first stage monomer were altered from the original formulation (size 1) to 
create film-formers and hence sizes which have different physical properties. 
Table 5.1 -Film-former formulation differences (concentrations in%) 
Size# 1st Stage Monomer Concentration Initiator Concentration 
1 5 100 
2 0 100 
3 15 100 
4 5 12.5 
5 5 25 
6 5 50 
7 5 150 
8 15 25 
Analysis was undertaken to determine the exact physical properties of 
the film-formers created. This should determine whether any link is present 
between the first stage monomer concentration and the polymers particle size 
as postulated in the literature. 13 Likewise the existence of any link between 
the initiator concentration and the polymers molecular weight will also be 
determined. 
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5.2.1 Molecular Weight 
Gel permeation chromatography (GPC) was used to determine the 
molecular weight of the PVAc present in each of the fi lm-formers created as 
stated above. An example of the trace obtained from the GPC instrument is 
shown below in figure 5.1. 
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Figure 5.1 - GPC trace of Size 1 using the refractive index detector. 
The results obtained correspond to the weight average molecu lar 
weight calculated from the in itial peak at the lower retention time circa 13 
minutes. The smaller peak circa 21 minutes which corresponds to a lower 
molecu lar weight most likely arises from the stabilising species used to 
maintain the polymerisation reaction . The testing of each film-former was 
repeated three times to ensure accurate results and the error bars reflect the 
standard deviation of the results. 
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Figure 5.3 - Number average molecular weight of the film-formers. 
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Figure 5.4- Polydispersity of the film-formers . 
It can be observed that the film-formers with the greatest weight 
average molecular weight correspond to batches 4, 5 & 6. These were 
produced using a lower initiator concentration than usual and it was found that 
the lowest initiator concentration produces the greatest molecular weight. 
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Figure 5.5- Molecular weight against initiator concentration for PVAc emulsions 
Figure 5.5 slaows the direct correlation between the molecular weight 
and the initiator concentration. It is clearly observed that a definite relationship 
exists between the two confirming what was predicted. 13 
The amount of first stage monomer present in the formulation appears 
to have no effect due to all molecular weights being similar. The one 
exception to this is the film-former which also contained a large concentration 
of first stage monomer as well as a low arnount of initiator (sample 8). Due to 
what we already have learnt regarding the molecular weight it is likely that this 
arises due to the initiator concentration alone. 
Due to the nature of emulsion polymerisations it is known that 
controlled low molecular weight species can be synthesised with a high 
accuracy. Relatively low molecular weight species are obtained due to chain 
transfer occurring between the monomer and the growing polymer chain. 2 
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This is a commonly known occurrence for vinyl acetate monomers whereby 
the chain transfer predominantly occurs on the acetate methyl side chain 
rather than on the main backbone of the polymer. 
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5.2.2 Particle Size Distribution 
As described previously fi lm-formers were created using the standard 
formulation although the quantity of first stage monomer in the reaction was 
altered to create a range of polymer particle sizes. 
Two methods of particle size determination were readily available and 
both were implemented to increase the accuracy of the resu lts obtained. 
5.2.2.1 Photon Correlation Spectroscopy 
The first method used to determine the particle size was photon 
correlation spectroscopy. The error bars on the graph in figure 5.7 represent 
the standard deviation of the distribution for each variation of fi lm-former. 
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Figure 5.6 - Photon Correlation Spectra for the variation of film-formers 
Spectra A = Batch 4; B = Batch 3; C = Batch 8; D = Batch 1; E = Batch 2 
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Figure 5.7 - Particle size of the different film-formers calculated by photon correlation 
spectroscopy 
It can be observed that the amount of f irst stage monomer added to the 
polymerisation reaction will have an effect on the particle size of the film-
former. Batch 3 which had the largest amount of first stage monomer (15%) 
has a much greater particle size than batch 1 (5%) which also has a greater 
particle size than batch 2 (0%). 
However, it appears that the first stage monomer is not the only 
physical property responsib le for an increase in the particle size batch 4, 
which has the lowest concentration of initiator, yields the largest particle size. 
Due to the large difference between the particle size it could be postu lated 
that a very low concentration of initiator has a greater effect on the particle 
size than an increase of the first stage monomer content. 
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5.2.2.2 Measurement by Scanning Electron Microscopy 
Values obtained for the particle size of each of the batches of film-
former were also determined using scanning electron microscopy (SEM). A 
droplet of each of the film-formers were fast-dried in vacuo within the SEM 
chamber and then viewed . Due to the speed of drying the individual latex 
particles were unable to coalesce to form a continuous film, hence the 
individual particles could be observed and their diameters to be measured. An 
average diameter of each batch was determined using not less than 14 
individual measurements per calculation, the error bars represent the 
standard deviation of the diameters. 
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Figure 5.8- SEM images of the different film-formers including the diameters of a 
selection of the latex particles. 
Image A = Batch 1; B = Batch 2; C = Batch 3; D = Batch 4; E = Batch 5; F = Batch 6; 
G = Batch 7; H =Batch 8 
Figure 5.9- Particle size of the different film-formers calculated by diameter 
determination via SEM imaging. 
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Similar results are obtained to those previously described in section 
5.2.2.1. Batches 1, 2 & 3 again follow a similar trend within experimental error 
whereby the particle size is proportional to the first stage monomer 
concentration used in the polymerisation. Batch 4 also produces the largest 
particle size which is the same as determined using the photon correlation 
technique. 
Generally the values obtained using. this technique are about 50% 
larger than those obtained using photon correlation spectroscopy due to 
flattening of the particles. The particles are packed together into a flat, two-
dimensional morphology due to evaporation of the water present in the film-
former solution. This compresses the spherical particles making them appear 
wider than tl:lose observed prev.iously. 
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5.3 Film Formation 
The mechanism of latex film formation has been discussed previously 
in section 1.5.2 and it was stated that four individual stages occur. By using 
scanning electron microscopy it was possible to capture images of the drying 
of films of our sizes. Films on glass slides were created at staggered time 
intervals to produce a range of images wh ich il lustrate the different stages of 
drying of the sizes. This was undertaken to determine whether the standard 
mechanism of latex fi lm formation occurs for all variations of fi lm-former as 
described in section 5.2. 
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Figure 5.10 - Images of the structure of size 1 at different stages of film formation , 
undertaken at temperature of 70°C 
Image A = Packing; B = Deformation; C = Interfacial breakage; D = Diffusion 
Image A illustrates the individual particles packing together due to 
water evaporation . It is also observed that neighbouring particles are 
beginning to coalesce slightly indicating that minor breakage of the interfacial 
barriers occurs early in the mechanism. Image B indicates that thorough 
packing of the latex particles causes deformation producing honeycombing 
which minimises the free space between the particles. Image C shows a state 
between a deformed and continuous film where some structure can be 
observed due to remnants of the interfacial barriers. Image D shows a 
continuous film which has been formed due to coalescence of the particles. 
Some structure can still be observed in the film as white lines which arise from 
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the hydrophilic species present in the ,film. These origiraated fror:n the barriers 
which surrounded the latex particles and they appear to congregate in set 
regions in the film. 
It was observed that all of the variations of the sizes undergo a similar 
mect:lanism (i.e. packing, deformation; diffusion) as seen in tigure 5.11. 
However, some of the sizes appear to .form more inhomogeneous films than 
others, more details of the cause and the effects of this phenomenon are 
reported in the section 5.4. 
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Figure 5.11 - Images of various stages of the fi lm formation process are shown for 
the remaining seven sizes: Images A & 8 - Size 2, C & D - Size 3, E & F- Size 4, 
G & H - Size 5, I & J - Size 6, K & L - Size 7; M & N - Size 8 
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The speed of drying of the sizes has also been shown to affect the 
homogeneity of the films produced . The sizes in the images in figures 5.10 
and 5.11 were dried at 70°C and produced a continuous film which was found 
to undergo all stages of the film formation mechanism. However, by drying the 
samples using the vacuum in the SEM chamber it was possible to stop the 
size at whatever stage in the mechanism it was at. 
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Figure 5.12- Images of size 1 taken at different stages of drying. 
Image A = Vacuum dried immediately after contact with glass; 
Image B =Vacuum dried after 60 minutes contact with glass at 70°C. 
Figure 5.12 shows images of the size which was dried in vacuo 
immediately following contact with the glass slide (image A) and also one 
which was allowed to dry for 60 minutes at 70°C prior to drying (image B). It is 
observed that the size in image B appears to be much more continuous than 
the size in image A. Image B has a minor amount of particle like nature, 
however partial diffusion has clearly been initiated. Image A appears to have 
undergone packing and partial deformation of the particles can be observed , 
although diffusion does not appear to have been initiated. This indicates that 
the speed of drying directly affects the homogeneity of the film and also that a 
fast dried film does not have sufficient time to undergo diffusiqn. 
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5.4 Clarity 
Absorption spectroscopy was used to determine whether the variations 
in the size formulation produced an effect on the clarity of the sized fibres. 
Due to the small and fragile nature of the fibres measurements were instead 
carried out on flat glass analogues. Any trends present for the sized fibres 
would be expected to be evident for sized flat glass as it is the coating which 
will give rise to the effect. 
Films were created of the various sizes as described in sections 5.2 & 
3.2.4. Visible absorption spectroscopy was used to investigate the clarity of 
the dried size films. 
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Figure 5.13 - Visible absorption spectra of the different sizes 
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The absorption spectra of the size alone was determined by calculating 
the absorbances of the sized glass slide at each wavelength subtracting the 
absorbances of a bare glass at the corresponding wavelengths. 
To produce a value for the clarity of each size a determination of the 
gradient over the region 400 - 550 nm was undertaken. This region was 
selected as a distinctive yellowing in the observed colour is observed for the 
more opaque sizes therefore it is within this region that the majority of the 
difference in the absorbances should be localised. Each size was repeated 
three times to ensure accurate results and the standard deviation of the 
results is expressed in the graph as error bars. 
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Figure 5.14 - Relative absorption gradients of the different sizes 
A trend appears to exist whereby the sizes which produce the largest 
particles sizes also appear to produce the most opaque sizes. In section 5.2.2 
sizes 3, 4 & 8 were shown to have the largest particle sizes and it appears 
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that these sizes also produce the most opaque films. However, this trend is 
not dir:ectly analogous to that of the particle size as size 4 was found to have 
the largest particle size and it is size 3 which is the most opaque. This 
appears to produce a significant amount of error as any variation in the film 
thickness will cause a change in the absorption of light. All films created had a 
thickness of 50±5 1 .. nn and this 10% variation is the most likely source of error 
present. 
During the initial stages of film formation the latex particles pack 
together minimising space between particles. This produces stacked particles 
which will undergo deformation and form a continuous film. However, because 
larger particles do not pack as compactly as smaller particles voids are 
created between the particles. These voids promote incomplete breakage of 
the hydrophilic interfaces leaving the film with remnants of a particle-like 
structure and hence being inhomogeneous. When light passes through the 
discontinuous film the interfaces of the particles cause it to be scattered 
resulting in an opaque film. 
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Figure 5.15 - Film coalescence images taken after 24 hours of slow drying 
Images A & B = Size 2; Images C & 0 = Size 3 
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The effect of inhomogeneity within a film can clear:ly be observed by 
scanning electrom microscopy. Sizes were dried down slowly at 70°C over 24 
hours to create a homogeneous film. in figure 5.15 images A & B show a 
continuous, homoger:~eous .film without a great deal of structure presemt which 
produces relatively low liglilt absorptiOiil. This film was created lLISing size 2 
which has the lowest particle size ar:td thus ·creates the most tralilsparent film 
when d11ied:. Images C & D, created .frollil size 3 which has the largest particle 
size, pr:oduce a large amol!lnt of observable structure in the film which scatters 
ligl:lt gelilerating an opaql!le film. 
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5.5 Wetting Ability 
The wetting ability of a size is a vital property as it explains how the 
size coats a surface and forms a film. In industry the size is deposited onto 
the glass filaments in the form of an aerosol which is then wound onto a 
spindle. Due to the winding process filaments are brought in close contact and 
the droplets are distributed throt:~ghot:Jt the filamer:1ts. During drying the size 
binds all of the filaments together producing a thicker glass strand. Due to the· 
speed of the winding it is essential that the strength of adhesion of the size to 
the glass filaments is suitable to increase the chance of cohesion between the 
.filaments. Because of this it is impolitant to determine the adhesive property of 
the liquid size to the glass, this is known as the contact angle. 
5.5.1 Contact Angle 
To determine the extent of adhesion between the various sizes and 
bare glass it was decided to measure the contact angle t:Jsing flat glass as the 
contact medium. Although curved glass is the morphology of glass fibres 
these proved difficult to mount in the instrument and examine due to the small 
amour:1t of surface area on which to deposit the size. As such flat glass slides 
were used for the investigation as it is believed that any trends present would 
exist no matter what type of glass were to be used. Liquid sizes of the 
variations were created as described in section 5.2 and their contact angles 
were measured using bare glass slides. 
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Figure 5.16 - Contact angle of the different sizes wetting bare glass slides 
No obvious trend is found to be present due to the lack of any obvious 
deviation from a standard contact angle. Any slight deviations present fall 
within the error of the technique which is calculated as the standard deviation 
from the average of the ten results obtained, these are shown as error bars in 
figure 5.16. It appears that the differences present in the size formulations do 
not cause any significant effect in the wetting ability of the size. All of the sizes 
exhibit a similar contact angle on the glass slides to that of distilled water 
which is also shown in the figure . This is as expected due to the high water 
content in the liquid size formulation (-94%) dominating the characteristics of 
the sizes wetting ability. 
The wetting ability of a size can also indicate the ease of which a size 
can be removed from the glass surface by an impregnating liquid . This factor 
was investigated by determining the contact angle of a droplet of water on a 
thin film of each dried size. Dried films of the sizes were created using the 
technique discussed in section 3.2.4. 
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Figure 5.17- Contact angle of water on films of the different sizes 
No obvious trends can be observed as all of the contact angles 
measured were similar. Any differences which exist can be explained by the 
error associated with the technique; these are expressed as error bars in the 
results. The contact angles obtained are calculated as the average of ten 
measurements. 
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5.5.2 'Fibre Wetting 
Following ori from the initial investigation of the contact angles it was 
decided to attempt to determine the effectiveness of the wetting ability of the 
sizes on bare glass fibres. This was undertaken by investigating the wetting of 
the fibres for each size at various stages of film fmmation to determine 
whether any differences between the sizes can be observed. 
Prior to the investigation it was necessary to create bare glass fibres 
which could be wetted with the different sizes. All fibres are sized during 
production meaning that those which were to be wetted had to have their 
original size removed from the surface of the glass. This was undertaken by 
placing a quantity of the ~ibres on a heating stage within an environmental 
scanning electron microscope (ESEM). The temperatt~re of the heated stage 
was set to aoooc which bt~rnt the size from the glass surface and images 
were capti!Jred throughout. 
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Figure 5.18 - Images showing effect of remova l of size from glass fibres . 
Image A = Size present (taken at 31 °C); Image 8 = Size removed (taken at 800°C) 
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Figure 5.18 illustrates the difference between bare and sized fibres. 
Many more defects and an increased amount of surface detail can be 
observed on the bare glass fibres in image B whereby in image A the fibres 
appear smooth . This lack of surface structure is due to the presence of the 
size on the fibres masking any deformation. 
The bare glass fibres were then removed from the ESEM chamber and 
placed in a dessicator for storage. The heating stage was then exchanged 
with a wet stage and a quantity of the bare fibres were placed in a small dish 
on the stage within the ESEM. A droplet of the size was then placed in the 
dish and the ESEM chamber was sealed. Images were recorded of the size 
drying slowly onto the glass fibres at a sample temperature of 4 oc and a 
water vapour pressure of 500 Pa. 
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Figure 5.19 - Images showing different stages of size 1 drying on bare glass fibres 
Image A = Size after 0 s; B = 120 s; C = 240 s; D = 480 s; E = 600 s; F = 900 s 
The images in figure 5.19 show the drying process for glass fibres 
coated using size 1. It was found that all of the other seven variations 
produced similar images using the same time-frame and vapour pressure. 
During evaporation of the water in the size (images A & B) it begins to 
adhere to the glass surface of the fibres (image C). The thickness of the 
adhered size is relatively large at this point (image D) due to a large amount 
of water still present. As drying continues the thickness of the adhered size 
decreases and the viewed images can be distinguished as individually sized 
fibres (image E). Eventually evaporation of the water in the size is complete 
and fully sized fibres are formed (image F). 
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Due to ESEM using a water vapour atmosphere to conduct electrons 
producing an image it was possible to investigate the wetting of these newly 
sized fibres . By increasing the vapour pressure slowly to 900 Pa whilst 
keeping the sample temperature constant at 4 oc it was possible to condense 
water from the chamber atmosphere onto the sized fibres. 
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Figure 5.20 - Images showing initial stages of wetting of newly sized glass fibres 
Image A = at 500 Pa; 8 = 550 Pa; C = 600 Pa 
A small amount of wetting causes fine water droplets to form on the 
sized fibres as observed in figure 5.20. 
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Figure 5.21 - Further images showing wetting of sized glass fibres with size 1 
Image A = Size at 800Pa, Os; 8 = 800Pa, 240s; C = 800Pa, 360s 
The images in figure 5.21 show the sized fibres being re-wetted 
immediately following a drying step probably due to incomplete drying. This 
indicates that prior to complete drying the mechanism of drying is reversible 
as it can be rehydrated and then redistributed on the glass fibres. This theory 
is confirmed below in figure 5.22 where it can clearly be observed that a 
redistribution of the size on the glass fibres has occurred following successive 
wetting and drying steps. Evidence of this was found for all variations of the 
sizes produced indicating that this phenomenon appears to be independent 
of the polymer's physical properties. 
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Figure 5.22 - Images of sized fibres using size 1 before and after drying and re-
wetting . Image A = Sized fibres; B = Fibres after successive wetting and drying. 
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5. 6 Wet-out Rate 
The wet-out rate for the variations of liquid sizes created as described 
in section 5.2 were determined using the custom built detector as described in 
section 3.3.13. 
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Figure 5.23- Wet-out rate spectra of the different sizes 
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The transmission of light increases over time as the size is dissolved 
from the surface of the fibres by the styrene wetting agent. The wetting agent 
dissolves the size on the glass fibres allowing the fibre matrix to unravel 
producing more voids between the fibres in the cloth. These voids allow a 
greater intensity of the light to pass through to the detector producing the plot 
shown above in figure 5.23. 
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Figure 5.24- Relative transmission gradients of the different sizes 
The testing of each size was repeated three times to ensure accurate 
results and the associated error bars present reflect the standard deviation of 
the results about the average value obtained. 
The gradient of the light transmitted was determined from the individual 
spectra of the sizes and the wet-out rate was calculated for the region greater 
than 300 seconds. To calculate the wet-out rate of each size. This region was 
selected as there are no inflections present which could invalidate the results 
obtained. As the wet-out rate should be a continuous value up until the point 
of complete solubility of the size then any trends observed should be similar 
no matter which area of investigation is used. 
All of the sizes investigated produce a similar wet-out rate except for 
that of size 4. Size 4 has the largest particle size and it has been shown that 
this physical property can also affect other tests related to the homogeneity of 
the film created. It has been shown previously in section 5.3 that 
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inhomogeneity of the dried size film increases with increasing particles sizes. 
From this it could be hypothesised that a discontinuous film would be more 
readily wetted by a solvating species due to the system not being continuous. 
Voids and inhomogeneous regions present in the film would be sites where 
wetting could initiate which would facilitate a faster wet-out rate. 
However, it is also observed that sizes 3 and 8 (which have similar 
particle sizes) produce similar wet-out rates to other sizes which have low 
particle sizes indicating that other factors also affect film formation in size 4. 
The most likely explanation is that the formulation of the film-former in 
size 4 differs too much from that of the standard formulation . By using a much 
weaker initiator concentration we have produced a polymer which will not 
undergo typical film formation. Instead an inhomogeneous film forms under 
drying with regions containing dense amounts of polymer dispersed amongst 
many voids as is observed by SEM in figure 5.25. 
Figure 5.25 - SEM image of the film produced from drying of size 4 
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5. 7 Adhesion 
Films of the different size variations were produced as described in 
sections 5.2 & 3.2.4. Due to the thickness of the film being relatively constant 
it was possible to determine the adhesive strength of each dried size as a 
direct analogy of a determination of the strength required to peel the sized film 
from a glass slide. Peel tests for each size were repeated fifteen times to 
ensure accurate results were produced. The associated error bars depicted 
reflect the standard deviation of the results obtained. 
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Figure 5.26 -Adhesive strength calculated for each variation of size. 
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All of the sizes produce a similar amount of adhesive strength using 
this technique. Any slight trends which may exist could be masked due to the 
relatively large error associated with the technique. 
Error in the technique primarily arises due to the instrumentation used. 
The machine used is primarily utilised to measure the impact forces of much 
189 
tougher materials such as high strength polymers and metals. Tile forces 
required to measure the physical properties in materials such as these are 
much stronger than that required for a peel test therefore it is at these higher 
orders of magnitude where the calculated force will be most accurate. 
Other factors which will affect the associated error include any variation 
in thickness of the films and also the effect of any external forces. Thickness 
variations will have a large effect as the test requires comparable samples to 
have the same thickness. It is stated that the films produced have a thickness 
of 50±5 IJm, this is a variation of 10% of the total thickness which could 
produce a significant variation in the results obtained. External forces present 
may also produce a significant effect on the result obtained. Due to tile 
adhesive strength being very small any lateral forces such as a gust of air 
acting perpendicularly to the peel could affect the force measured. 
Due to the large amount of error present in this technique, coupled with 
the lack of any obvious trends, it collJid be surmised that a peel test is not an 
adequate method of determining tile adhesion of a size. 
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5.8 Cohesion 
Batches of the different size variations were produced as stated in 
section 5.2 and lap shear samples were created as described in section 
3.3.11. The testing of each size was repeated fifteen times to ensure accurate 
results were obtained and the associated error bars reflect the standard 
deviation of the results obtained. 
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Figure 5.27 - Cohesive strength of the different sizes 
It appears that all sizes produce similar levels of cohesion when taking 
into account the error of the result. The error associated with the technique is 
large in comparison to the actual cohesive strengths measured. The main 
reason for this arises due to the variation inherently present in production of 
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the samples and also the lack of sensitivity of the instrument at low levels 
which was alluded to in the previous section. 
Due to the nature of sample preparation for this technique a significant 
amount of error arises due to the variable amounts of size thickness found 
between the glass slides. All samples were prepared identically, however a 
slightly different amount of liquid could have migrated between the slides 
during drying which could produce a significant difference .in results obtained. 
Umfortunately it was not possible to measure the exact thickness of the dried 
size due to the small amount of solid content remaining on the glass surfaces 
after drying. What little amount of size was present was distributed randomly 
between the upper and lower glass slides. 
Due to the large amount of error present in this technique coupled with 
the lack of any trends observed it could be hypothesised tnat a lap shear test 
is ·not an adequate method for the determination of size cohesion. 
1.92 
5.9 Young's Modulus 
During initial investigations it was found that the standard 50 1-1m thick 
films used for other investigations were too thin to mount in the fi lm clamp 
within the dynamic mechanical analyser (DMA). The instrument tended to 
stretch the films when they were being clamped in place in the mount. Due to 
this it was decided that films with an increased thickness should be created 
for each of the sizes. Dried size films with a thickness of 500±201-'m were 
created for each of the sizes and the Young's Modulus was determined. 
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Figure 5.28 - Stress-Strain curve for a dried film of size 1 at 30°C 
A stress-strain curve was plotted for each size using the data obtained 
as shown above in figure 5.28. The initial gradient of the slope before the yield 
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point was calculated as this equates to the Young's Modulus of the material 
as stated in equation 5.1. 
, a 
Youngs Modulus T-
E Equation 5.1 
The yield point of a material is the point at which it begins to deform 
plastically (about 4 MPa in this diagram): before this point the material 
behaves elastically. The testing of each size was repeated three times to 
ensure accurate results and the error bars displayed correspond to the 
standard deviation of the results obtained. 
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Figure 5.29- Young's Modulus of the different sizes 
From figure 5.29 it can clearly be observed that a significant trend is 
present which is directly related to the molecular weight of the size. Size 4 
contains the film-former with the largest molecular weight and it is found that 
this size also has the greatest Young's Modulus. Conversely size 7 contains 
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the lowest molecular weight and the Young's Modulus determined is also the 
lowest. In fact the entire molecular weight trelild is repeated exactly for the 
Young's Modulus determination. 
This trend occurs due to the increasing size of the molecular chains 
present in the sample causing the rigidity of the polymer matrix to ililcrease. 
This will cause dried films of the size to be stiffer and therefore the Yot:mg's 
Modulus of the material !increases. 
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5.10 Conclusions 
By altering the concentration of specific species in the formulation it 
was possible to create a range of sizes with different physical properties. 
These were measured using gel permeation. chromatography and photon 
correlation spectroscopy and it was concluded that the sizes produced 
contained various particle sizes and mdlecular weights. 
It was found that the size's molecular weight was propolitional to the 
initiator concentration and particle size was proportional to the first stage 
monomer concentration. However, at low levels of initiator concentration it 
was found tlilat the particle size was also found to increase even more so tlilan 
by altering the first stage monomer concentration. 
The particle size was also measured using a scanning electron 
microscope (SEM) whereby alii average of each size's particles were 
determined. The values obtained using this technique were about 50% larger 
tlilan those calculated using photon correlation spectroscopy due to tl:le 
particles being tlattened during drying in vacuo within the SEM. 
'Using SEM it was possible to determine that all variations of the sizes 
were found to undergo the complete mechanism of film formation if dried 
under the correct conditions. A significant amount of drying time was required 
for complete diffusion of the particles to occur and it was found that fast dried 
samples using vacuam produced inhomogeneous films. The sizes with the 
larger particle sizes were found to produce films which retained particle-like 
structure in them following diffusion. This resulted in the films scattering light 
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and appearing increasingly opaque, the magnitude of the opaqueness of the· 
film was proportional to the heterogeneity Which is related to the particle size. 
· The contact angle of wetting of a size on a glass surface was found to 
be similar for each variatior:1. The contact angle of wetting of the dried size 
tilms using water as the wetting ager:1t was also found to be similar for all 
sizes. Images were produced using SEM which also confirm these filildings. 
It was also found that, prior to the initial drying of the fibres, the wetting 
process is reversible. SEM images prove that an incompletely dried size will 
be rewetted under water saturation conditions and will also be redistributed on 
the glass fibres under a successive drying step. 
The wet-out rate of the sizes was found to be similar except for the size 
with the largest particle size which produced a faster wet-out rate. It is 
hypothesised that this occurs due to the large particles present in the size 
presenting voids in the film for which the wetting ageAt to· facilitate wetting. 
It was concluded that peel and lap shear tests are not an appropriate 
method to determine the adhesion and cohesioA of a, size using heavy duty 
machinery. Because of the relatively small.forces required to peel or snear tl<le 
films. a very sensitive instrument is required to make accurate determinations. 
The stiffness was determined as the Young's Modulus of dried films of 
the sizes and it was found that the stiffness of the size increases with an 
increasing molecular weight. This occurs due to the ililcreasing size of the 
molecular chains present in the sample causing the rigidity of the polymer 
matrix to increase. 
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Results 
Size Performa:nce : Additive Effect 
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6. 1 Introduction 
Following on from the previous section, it was decided to investigate 
the effect of the other components present in the formulation on the size 
performance. Batches of size with different concentrations of each component 
were formulated to determine whether any trends could be observed. Due to 
time constraints, it was decided that only those tests which were most likely to 
yield obvious trends would be undertaken. These were carried out so that the 
results obtained would allow us to understand more clearly the chemistry 
occurring within a glass fibre size. 
Given further time a more thorough investigation of these sizes would 
have been preferable and would most likely have produced further information 
regarding the role of each component. 
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6.2 Additive Concentration Variations 
Batches of size were created using variations of the standard 
formulation as discussed in section 3.2.3. The component additives used 
were the same throughout the investigation; however the concentration of 
each varied between 0%-500% to produce a range of sizes of different 
composition. All ·of the size component concentrations were altered apart from 
for the film-former, to create 16 different sizes. The film-former used was that 
of the standard batch (batch 1) in all variations. 
Table 6.1- Batches of sizes produced using varying additive concentrations. 
Batch Formulation Notes 
Standard Standard formulation, :100% of each component used 
O%C 0% of coupling agent component used 
50%C 50% of coupling agent component used 
200% c 200% of coupling agent component used 
500%C 500% of coupling agent component tJsed 
O%P 0% of plasticiser component used 
50% p 50% of plasticiser component used 
200% p 200% of plasticiser component used 
500%.P 500% of plasticiser component used 
0% L 0% of lubricant component used 
50% L 50% of h:1bricant component used 
200%L 200% of lubricant component used 
500% L 500% of lubricant component used 
O%A 0% of anti-static agent component used 
50% A 50% of anti-static agent component used 
200%A 200% of anti-static agent component tJsed 
50Q%A 500% of anti-static agent component used 
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6.3 Wetting Ability of Sizes 
Batches of the size variations were dried onto flat glass slides as 
described in section 3.2.4. The contact angle of the surface of films of the 
dried size were investigated using water as the contact liquid. 
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Figure 6.1 - Contact angle investigation of different additive concentrations using 
water droplets on dried size films. 
Water droplets on all of the film variations exhibited similar hydrophilic 
tendencies. However, the sizes created using an excess of each component 
(500%) all produced noticeably lower contact angles. 
The size created using an excessive amount of lubricant produced 
films with a noticeably different appearance than all of the others. Film-
formation appeared to be non-uniform with fluidic areas inter-dispersed 
between dry regions. By adding an excess of the lubricant the continuous 
nature of the film appears to break down, resulting in a dried size with an 
increased hydrophilic nature. During drying, the lubricant component 
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preferentially migrates to the air interface of the size (as discussed in section 
4) , therefore, it is likely that the excess of lubricant present causes 
inhomogeneous evaporation during fi lm formation. This leads to areas of the 
film drying at different rates producing areas with different degrees of drying. 
This is also the most likely reason why the sizes created using the anti-static 
agent and plasticiser also produce a significantly lower contact angle with 
water, which indicates a more hydrophilic film. 
The size produced using an excess of coupl ing agent has the weakest 
effect on the contact angle due to preferential migration to the glass interface 
of the film. This would not be expected to affect the evaporation stage of the 
film formation mechanism unlike the other add itives. 
The wetting ability of the liquid sizes was also investigated by dropping 
onto bare glass. 
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Figure 6.2- Contact angle investigation of different additive concentrations using 
size solution droplets on bare glass slides. 
All of the size droplets appear to exhibit similar wetting properties when 
dropped onto a bare glass slide. This indicates that the minor differences 
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present in the formulation are far outweighed by the excessive water content 
present in the size solution (>90%). It is already known that water adheres to 
glass and that glass is a hydrophilic substance 13 therefore all variations of the 
size formulation are also hydrophilic. 
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6.4 Adhesion 
Samples were prepared using batches of each size as detailed in 
sections 3.2.4 & 6.2. The samples were mounted in the mechanical testing 
instrument as described in section 3.3.11 and the films were peeled from the 
glass slides. The force required to separate the fi lm from the surface was 
measured and recorded. Each peel test was repeated five times to minimise 
error and determine accurately the adhesive force of each variation of the 
size. 
0.20 -..----------------------------., 
0.16 
-z 
-
.r:::: 
c,0.12 
c: 
~ 
en 0.08 -
(ij 
<II 
a.. 
0.04 
0.00 
v v v v ~ ~ ~ ~ v v v v ~ ~ ~ ~ ~ ~~&&&&&&&&&&~~~~~ 
'V <:>'V ~<::5 <::><::5 ~ ~<::5 <::><::5 ~ ~<::5 <::><::5 \:5 <::>\:5 ~(0\:5 <::>(0\:5 0-.(J><:.' 
Additive Cone. 
Figure 6.3 - Peel test results for each variation of size formulated . 
Errors in comparable adhesion resu lts may arise due to the differing 
amounts of solid content in each of the variations of the size. As the amount 
of each component is altered , the solid content of the size will either increase 
or decrease, leading to a change in thickness of the fi lm. This was negated by 
determination of the thickness of each of the fi lm variations from the standard 
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size composition. This was undertaken by measuring the thickness of a dried 
film of each variation of the size by ESEM. 
Table 6.2- Dried size film thickness of each variation determined by ESEM. 
Size Film Thickness /IJm 
Oo/oC 37 
50%C 40 
200%C 54 
500% c 73 
O%P 32 
50% p 36 
200% p 46 
500% p 60 
0% L 29 
50% L 35 
200% L 51 
500% L 70 
O%A 35 
50% A 39 
200%A 48 
500%A 63 
Standard 42 
The results in figure 6.3 were normalised by dividing the calculated 
adhesive strength by the film thickness to produce a more accurate adhesive . 
strength result for eactl variation of the size. 
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Normalised Peel Results 
Figure 6.4 - Normalised peel test results for each variation of size formulated . 
A trend is observed from the results, where films with a lower amount 
of additive present produce a more strongly adhesive film . As the amount of 
component increases the adhesive strength decreases before reaching a 
plateau at 100% concentration . At this point higher concentrations of 
component no longer influence the films adhesion to the glass. 
The variations with the largest effect on the adhesive strength appear 
to be those lacking in lubricant and anti-static agent. The lubricant is added to 
the formulation to improve the flexibility of the dried film , so removing it 
rigidifies the sample making it more difficult to peel ; therefore rendering it 
more strongly bound to the glass surface. The anti-static agent is also a 
lubricant which promotes similar behaviour to the excessively lubricated 
variation . The plasticiser is added to improve further the flexibility of the film 
and a lack of this causes the film to perform in a similar manner to those 
already mentioned. 
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The coupling agent is added to improve the binding of the film to the 
glass surface, indicating that we might expect the adhesive strength to 
increase with increasing concentrations of additive. Due to the excessive 
amount of coupling agent used in the standard formulation, coupled with the 
finite glass surface area available for interaction, it is found that an increase in 
coupling agent concentration has a slightly negative impact on the adhesive 
strength. 
A lack of coupling agent present in the size appears to produce more 
adhesion between the film and the glass. This is opposite to what we would 
expect, as the coupling agent is generally added to improve the bonding 
between the film and the glass. This phenomenon most likely arises due to 
the artificial environment in which the samples were prepared. To create a film 
which was peelable, it was necessary to produce a much thicker film than is 
normally used as a glass fibre size. To achieve this, the wet size was added ir:~ 
excess to flat rather than curved glass while also being in constant contact 
with the glass surface. During fibrisation, the individual fibres are sprayed with 
an aerosol of the size, most of which does not adhere to the fibres due to 
gravity and centrifugal forces encountered during winding. Because of this, a 
coupling agent is vital to ensure the maximum amount of size remains on the 
fibre for as long as possible. In this case, where only a small amount of size is 
used, the coupling agent would provide a much more important role which 
cannot be quantified using our peel test technique. 
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6.5 Cohesion 
Samples were prepared as discussed previously in sections 3.2.4 & 6.2 
and were mounted in the mechanical testing instrument as described in 
section 3.3.12. The samples were sheared laterally and the force required to 
shear the sample was measured. Each variation of the size was sheared five 
times to minimise the error and determine accurately the cohesive force of 
each dried size. 
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Figure 6.5- Shear results for each variation of size formulated . 
As for the adhesive study, a significant error in our results is present 
due to the difference in solid content, and therefore film thickness , of each 
variation of the size. To remove this error the results were normalised by 
dividing the cohesive strengths of each variation by the correspondent film 
thickness as determined by ESEM (see section 6.4 for film thickness values) . 
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Normalised Cohesion Results 
Figure 6.6 - Normalised shear results for each variation of size formu lated 
Although some trends can be observed from the results obtained , it 
must be explained that the associated error in this technique tends to mask all 
but the extreme cases of difference between strengths. 
The sizes with the largest cohesive strengths appear to be those with 
lower than typical concentrations of lubricant and anti-static agent. Anti-static 
agents are typically specialised lubricants indicating that a lack of lubrication 
in the film produces an increase in bonding strength between the size and the 
glass. This is expected due to the inflexibility of the film , which is a 
consequence of the lack of lubrication present in the formulation . 
The sizes with differing amounts of coupling agent present would be 
expected to produce the most obvious differences in cohesive strength. 
However, because the coupling agent is present in excess in the standard 
formulation coupled with the finite amount of glass surface area available for 
bonding , no real difference in cohesive strength can be observed for any of 
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the variations. The only exceptio171 to this trend is for the size which contains 
no coupling agent as this produces a weak cohesive strength film. 
At extreme levels of component concentration (500%) it is observed 
that the cohesive strength reduces for all variations. This occurs due to the 
non-uniform nature of the film which is formed after drying. Upon the addition 
of five times the amount of a component additive, it appears that the deviance 
from the standard formulation is too great and ·the homogeneity of the film 
begins to reduce. When excessive amounts of plasticiser and anti-static agent 
are used in the formulation this was also found to occur, whereby the sample 
would not shear apart instantaneously, rather it tended to slide apart as 
though the site had not fully cured. 
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6.6 Conclusions 
It has been observed that an excessive ar:nount of any component in 
the size formulation produces an unsatisfaCtory size. Inhomogeneous films 
tend to form as can be observed from their cohesive strengths and wetting 
abilities. 
The effect of wetting ability of water droplets on size films is less 
evident for the size with an excessive coRcentration of coupling ageot. This is 
due to the species migrating to the glass interface during film formation, 
whe,~~as for the other components it will generally migrate towards the air 
interface of the film causing a more inhomogeneous, hydrophilic surface. 
The wetting ability of variations of the size appears to produce similar 
results when dropped in its liquid state on bare glass slides. This is most likely 
due to the large amount of water present in the size formulation dominating 
. . 
the 'wetting ability of: the size droplet, obscuring any effects due to the 
variation in formulation. 
Formulations of the size containing lower than typical component 
concentrations produce films with higher adhesive and cohesive strengths. A 
relationship appears to exist which indicates that less flexible films produce 
greater bonding to the glass surface. 
A lack of coupling agent in the size formulation appears to produce a 
film which has weak cohesive strength, altbotJgh it does still bind sufficiently 
well to the glass surface to allow the test to be carried out. 
This variatior;~ also has a large amount of adhesive strength which is 
even larger than the standard formulation used in industry. The most likely 
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explanation for this phenomenon is due to the artificial manner in which the 
sample was prepared. It would be expected that a small amount of size would 
bind to a thin glass fibre much differently thar:~ an excess of size would to a flat 
glass size. Under these circumstances the role of the coupling agent is much 
more important to ensure that the size remains on the glass surface 
overcomililg gravity and centrifugal forces. This is not the case .for the sample 
investigated as the size remains in constant contact with the glass throughout. 
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Chapter 7 
Conclusions 
213 
7. 1 Conclusions 
Batches of film-formers were cr;eated via emulsion polymerisation from 
a formulation supplied ·by Celanese. These film-formers were then 
incorporated into a formulation as supplied by St. Gobain Vetrotex which is 
used in industry to produce a working glass fibre size. 
Initial studies were undertaken to determine the location of the 
constituent species present in the size to produce an image of its structure. 
The film-former formulation was then altered to produce a range of physical 
properties. The performance of sizes produced from these film-formers were 
then investigated in the areas of clarity, film formation, wetting ability and 
strength. Alterations to the size formulation was them undertaken to determine. 
whether this produced any effect in the performance of the size over some of 
the same areas of investigation. The conclusions drawn are listed below: 
• The coupling agent species present in the size formulation migrates to the 
· glass interface of the size during drying. 
• A minor amount of lubricant migrates to the air interface of the size during 
drying. 
• Migration of speCies in the size only occurs during drying when the size is 
in its liquid state. 
• The molecular weight and particle size of a film-former is directly related to 
the initiator and first stage monomer concentrations respectively. 
• The molecular weight of a film-former does not alter tt.le size's ability to 
form a continuous film if dried under suitable conditions. 
\. 
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• Film-formers with large particle sizes produce inhomogeneous films due to 
incomplete diffusion occurring dur:ing film formation. 
• The inhomogeneity of films with larger particle sizes present produces an 
increasingly optically active film with an increased wet-out rate. 
• The molecular weight and particle size of a film-former do not alter the 
corresponding sizes ability to wet a bare glass fibre due to the large 
amount of water present in the size formulation. 
• A size can be redistributed following successive re-wetting and drying 
under certain conditions. 
• The stiffness of a size is directly related to the molecular weight of the 
sizes film-former. 
• An inhomogeneous, discontinuous size will be formed with excessive 
deviation from the size formulation. 
• An excess of coupling agent is present in the standard size formwlation. 
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7.2 Future Work 
To conclude the thesis I would like to list a nurnber of issues which I 
believe would be the natural route of progression shol!lld someor:~e wish to 
continue research in this area. These are: 
• Development of a more suitable method to measure the adhesion and 
cohesion of the sizes produced throughout. 
• A more thorough investigation into the formulation changes mentioned in 
chapter 6. This would include a complete analysis of the sizes optical and 
film formation properties as carried out in chapter 5 to determine whether 
any further trends could be observed. 
• An investigation into the sizes produced from the standard film-former 
using ditferent additives. It would be interesting to produce sizes using a 
range of different additive materials, e.g. different lubricants, to determine 
the effect on the final properties of the overall size. 
• An investigation using a different polymer based film-former to investigate 
how the type of polymer affects the overall properties of the complete size. 
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